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ABSTRACT

6,7,%

Direct synthesis of high-quality graphene on dielectric substrates without a transfer process is of vital
importance for a variety of applications. Current strategies for boosting high-quality graphene growth, such

as remote metal catalyzation, are limited by poor performance with respect to the release of metal catalysts

and hence suffer from a problem with metal residues. Herein, we report an effective approach that utilizes a

metal-containing species, copper acetate, to continuously supply copper clusters in a gaseous form to aid
transfer-free growth of graphene over a wafer scale. The thus-derived graphene films were found to show
reduced multilayer density and improved electrical performance and exhibited a carrier mobility of

8500 cm® V~! s~ Furthermore, droplet-based hydrovoltaic electricity generator devices based on directly

grown graphene were found to exhibit robust voltage output and long cyclic stability, in stark contrast to

their counterparts based on transferred graphene, demonstrating the potential for emerging energy

harvesting applications. The work presented here offers a promising solution to organize the metal catalytic

booster toward transfer-free synthesis of high-quality graphene and enable smart energy generation.

Keywords: chemical vapor deposition, graphene, copper acetate, hydrovoltaic electricity generator,

transfer-free growth

INTRODUCTION

Chemical vapor deposition (CVD) has been rec-
ognized as one of the most promising methodolo-
gies for the controllable preparation of high-quality
graphene. It predominantly uses metals such as Cu
as growth supports [1-4]. The transfer process of
graphene from metals to insulators is an inevitable
and cumbersome step to realize a variety of practical
applications and often leads to film damage, corru-
gation and polymeric contamination, which are ulti-
mately unfavorable for mass production [S]. In view
of this, the direct synthesis of graphene on dielectric
substrates is of paramount importance toward prac-
tical aims, bypassing the transfer procedure. How-
ever, directly grown graphene films tend to suffer
from low crystal quality, abundant structural defects
and concurrent formation of multilayers, resulting

in poor electrical/optical properties, which impede
high-end applications [6-8].

To address these issues, strategies that use
metals for the transfer-free synthesis of graphene
have attracted particular interest. Among various
strategies aimed toward this purpose, the use of
sacrificial metal layers (e.g. Cu, Ni and Ge) has
garnered considerable attention [9-11]. However,
challenges such as metal removal by evaporation
or chemical etching are highly likely to cause metal
contamination; as a consequence, the thus—grown
graphene loses its fine uniformity. Further attempts
such as the introduction of floating metal vapor
(e.g. Cu and Ga) derived from metal foil placed
upstream or upon the target substrate have been
reported [12-14]. However, it is difficult to tailor
the sublimation amount of metal vapor, further
resulting in metal residues. Recently, an effective
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Figure 1. Graphene growth without/with the presence of Cu(OAc),. (a) Schematic illustration of the graphene growth process
without/with the presence of Cu(OAc),. (b) Photograph of a 2-inch graphene/sapphire wafer. (c and d) DFT calculation of
energy barriers of CH, dehydrogenation in the gas phase (c) without and (d) with Cu clusters.

maneuver in this direction lies in the utilization
of metal-containing species that decompose into
metal clusters to aid carbon source cracking at the
forefront of graphene growth [15,16]. The concen-
tration of the metal clusters can be well-controlled.
Nevertheless, direct graphene formation over
insulators based on this approach remains largely
unexplored.

Taking the above considerations into account,
we herein report the Cu(OAc),-facilitated growth
of transfer-free graphene on wafer-scale insulators.
Cu(OAc), was subjected to volatilization using an
independent heating system to enable the delivery
of Cu clusters. The derived Cu clusters enable effec-
tive decomposition of the CH, precursor by reduc-
ing its activation energy, as exemplified by density
functional theory (DFT) calculations. Thus-grown
graphene was found to be of high quality, multilayer-
deficient and free of Cu residues. In addition, the
yielded transfer-free films were found to exhibit fa-
vorable electrical performance, harvesting a carrier
mobility of 8500 cm® V™! 57! at room temperature;
this value is comparable to that of graphene grown
on Cu [16]. Asaproof-of-concept, we demonstrated
the fabrication of a hydrovoltaic electricity gener-
ator device using our transfer-free graphene. The
as-constructed generator showed superior voltage
output and cyclic stability compared to its transfer-
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involving graphene counterparts, holding promise
for practical applications.

RESULTS AND DISCUSSION

The growth processes of graphene films with-
out/with the presence of Cu(OAc), are schemati-
callyillustrated in Fig. 1a. In a typical direct CVD sys-
tem, the carbon source (CH, herein) decomposes
into active carbon fragments at elevated growth
temperatures (~1080°C). These active carbon frag-
ments are subsequently adsorbed onto the substrate
surface and initiate the formation of graphene do-
mains [17]. The decomposition is normally insuffi-
cient because of the catalytic inertness of insulating
substrates, resulting in poor crystallinity and massive
multilayer formation [18]. By contrast, a floating Cu
catalyst can be generated by introducing Cu(OAc),
using an independent heating system. The temper-
ature of the heater (150°C herein) must be main-
tained below the pyrolysis point of Cu(OAc), to
ensure the in situ generation of Cu clusters in the
growth zone (Figs $1-S3, Supporting Information).
The thus-derived Cu clusters enable effective CH,
decomposition by reducing the activation energy,
and further induce the facile linkage of sp” car-
bon networks and suppress the formation of amor-
phous carbon [19]. Notably, graphene grown in the
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Figure 2. Characterization of transfer-free graphene grown without/with the presence of Cu(OAc),. (a—c) Representative
Raman spectra and statistics of the I/fz and hp/ls of graphene grown with/without Cu(OAc),. (d) /b//g variation against

the growth temperature of graphene with/without Cu(OAc), . (e) Multilayer percentage of graphene grown with and without

Cu(OAc),. (f) UV-vis transmittance spectra of graphene films with/without Cu(0Ac),.

presence of Cu(OAc), showed a higher percentage
of single-layer coverage (black) and a lower percent-
age of few/multilayer regions (dark blue), whereas
graphene without Cu(OAc), possessed ample mul-
tilayer flakes originating from amorphous carbon
impurities [20]. This was experimentally verified
by scanning electron microscopy (SEM) observa-
tions of the typical growth results (Fig. S4). Fur-
ther, the visible-light transmittance of the as-grown
graphene with Cu(OAc), was found to reach ~97%
(at 550 nm), with dual-side polished quartz or sap-
phire as the growth substrate. Figure 1b shows a pho-
tograph of a 2-inch graphene/sapphire wafer grown
via the Cu(OAc),-facilitated route, which showed
high transparency and uniformity. Such graphene
wafers could be synthesized in a batch-to-batch man-
ner, allowing the production of 10 pieces of 2-inch
product per day.

To gain fundamental insight into Cu cluster
assistance, decomposition of methane in the ab-
sence/presence of Cu(OAc), was analyzed using
DFT calculations [21-25]. Typically, complete de-
composition of CHy involves four steps. In the ab-
sence of Cu(OAc),, the activation energy for each
step reaction was calculated to be 2.49 eV for step I,
2.74 eV forstep1l,2.65 eV for step Il and 1.44 eV for
step IV (Fig. 1c). In contrast, aided by the Cu clus-
ters (here Cuy clusters were selected for modeling),
the threshold barrier for CH; decomposition into
CH3; was calculated to be 0.71 eV, which is markedly
lower than that without Cu(OAc),. Evidently, CH,
decomposes more completely with the assistance
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of Cu clusters provided by Cu(OAc),; this is ulti-
mately reflected in the subsequent steps II, III and
IV (Fig. 1d). Therefore, an efficient Cu catalyst from
Cu(OAc), could promote decomposition of carbon
species in the gas phase to generate highly dehydro-
genated CHj active species. Such enhanced decom-
position of the gaseous carbon species enables a de-
crease in the formation probability of sp® hybridized
carbon, thereby suppressing the few-layer and mul-
tilayer regions.

The obtained transfer-free graphene films were
subjected to various characterization studies to
verify the advancement of Cu(OAc),-facilitated
growth. Figure 2a shows the representative Raman
spectra of the as-grown graphene transferred onto
a Si0,/Si support (Fig. SS); typical graphene sig-
nals including the D peak (~1350 cm™'), G peak
(~1580 cm™!) and 2D peak (2700 cm™!) can
be clearly observed. The intensity ratio of the D
and G peaks (Ip/Ig) reflects the defect density of
graphene, while I,p/Ig reflects the film thickness
[26-29]. As such, the Ip/I; of graphene prepared
by the Cu(OAc),-facilitated process is 0.41, which
is markedly lower than that (0.85) of graphene pre-
pared without Cu(OAc),, indicating a reduction
in defect density and improvement in film quality
and purity. Meanwhile, I, /I varies from 1.13 to
1.45 in the presence of Cu(OAc),, suggesting the
decreased layer thickness of transfer-free graphene.
Raman mapping was further performed to evaluate
the uniformity of the graphene film (Figs S6 and
S7). As plotted in Fig. 2b and c, the histograms



Natl Sci Rev, 2022, Vol. 9, nwab169

a |cCcsp’ C-Csp —Rawdata | b
71.4% 518%  — Fit 1080m
— C-C (sp)
- —CHE) | =
= —Cco &
= =
g g
£ £
. . § § 0nm
282 285 288 282 285 288 291 930 940 950 960
Binding energy (eV) Binding energy (eV) Binding energy (V)

LTI
LRI LY

5 1/,
1 nm $3e 5 1/nm

Figure 3. Characterization of the crystal quality and purity of transfer-free graphene grown without/with the presence of
Cu(OAc),. (a) XPS C 1s spectra of graphene grown with (left panel) and without (right panel) Cu(OAc);. (b) XPS spectrum in the
Cu 2ps, region indicating that no copper-related chemical species are observed in the sample within the detection limit of
XPS. (c) AFM image of a graphene film grown with Cu(0Ac), transferred onto a Si0,/Si substrate. (d) TEM image of graphene
grown with Cu(OAc),, revealing a clean surface without copper residues. (e) Atomically resolved TEM image of graphene
grown with Cu(OAc), and (f) the corresponding SAED pattern.

acquired over a survey area of 30 x 30 um?® re-  growth. Figure 3a shows the core-level XPS C Is
flect a significant reduction in Ip /I and a conspic-  spectra of graphene grown under different con-
uous increase in Lp/Ig with the Cu(OAc), facil-  ditions. An asymmetric C 1s peak was fitted with
itated route. Samples prior to the transfer process different contributions, with binding energies of
showed similar results (Fig. S8). In addition, this ~ 284.5 and 285.4 eV, representing sp” and sp® carbon
method presents its universality on insulator sub-  signals, respectively [30]. A broad carbon-oxygen
strates (Fig. $9). Notably, similar trends can be ob- ~ bond can also be identified. Notably, Cu(OAc),-
served by synthesizing transfer-free graphene at dif- ~ facilitated graphene possesses a weaker sp* signal,
ferent growth temperatures, ranging from 1020°C ~ which originates from sufficient decomposition
through 1050°C to 1080°C (Fig. 2d). The reduced ~ of CHy to inhibit the generation of disordered
average layer thickness of graphene was derived from  carbons [31]. Neither the survey spectrum
the suppressed multilayer graphene regions. A sys-  (Fig. $10) nor the high-resolution spectrum for the
tematic statistical analysis of the percentage of mul- ~ Cu 2p3/, peak region (Fig. 3b) shows the presence
tilayer graphene regions in the entire SEM imaging  of Cu signals, indicating that there are remaining Cu
region without/with the presence of Cu(OAc), was  residues. This further confirmed that introducing a
conducted. As presented in Fig. 2e, the histograms  copper catalyst through a metal-containing precur-
acquired from the statistical results show a signif-  sor can effectively control the metal volatilization
icant reduction in the multilayer percentage with  and address the problem of copper residues. This led
the Cu(OAc), facilitated route. As a result of the  to the synthesis of high-quality graphene films with
reduced layer thickness of transfer-free graphene,  high purity. Meanwhile, atomic force microscopy
the visible-light transmittance (at 550 nm) of the =~ (AFM) inspection of the transferred graphene
grown graphene (deducting the substrate back- film on a SiO,/Si substrate also confirmed the
ground) with Cu(OAc), was improved from 96%  monolayer-dominated nature and the absence of
to 97% (Fig. 2f). This further suggests that the in-  metal residues (Fig. 3c). The effective control over
volvement of a Cu clustering catalyst via Cu(OAc),  metal delivery could be attributed to the optimized
is beneficial for mitigating the formation of multi- ~ amount of Cu clusters released from Cu(OAc),
layer domains. These data corroborate the marked ~ (Figs S11 and S12). These results are in good
improvement in the quality of graphene. agreement with the Raman investigation findings

X-ray photoelectron spectroscopy (XPS) analy- and clearly demonstrate the catalytic merits of
sis was performed to probe the surface states during ~ the introduced Cu(OAc),. Transmission electron
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Figure 4. Electrical performances of graphene. (a and b) Sheet resistance maps of graphene (possessing a similar transmit-
tance of 96%) grown with and without Cu(OAc),. Insets: Statistical distribution of the sheet resistance. (c) UV/vis spectra
of graphene grown with Cu(OAc),. (d) Statistics of transmittance and sheet resistance of graphene reported in this work
and from the literature. (e) Schematic illustration of the fabricated FET device. (f) Resistivity of graphene encapsulated by
h-BN as a function of difference between the gate voltage (V) and Dirac voltage (Vpirac) at room temperature. Inset: Optical

microscopy image of the corresponding device with 1D contact.

microscopy (TEM) combined with selected area
electron diffraction (SAED) was performed to
examine the crystal quality of graphene (Fig. 3d-f,
Fig. S13). In particular, the atomic-resolved TEM
results of the single-layer graphene clearly show
the hexagonal atomic configuration of graphene
(Fig. 3e). The corresponding diffraction pattern
displays a single set of hexagonal electron diffraction
patterns (Fig. 3f), indicating the high crystallinity of
the grown graphene [32,33].

A four-point probe method was applied to the
as-grown samples to investigate their macroscopic
conductivity. Figure 4a and b shows the sheet resis-
tance maps of graphene with and without the pres-
ence of Cu(OAc), during synthesis, respectively.
The corresponding histograms of the statistical anal-
ysis are displayed in the inset. Maintaining an iden-
tical optical transmittance of ~96% at 550 nm, the
graphene sample grown with Cu(OAc), exhibits a
narrow distribution of sheet resistance, affording an
average value of 1.24 k2 sq !, which is markedly
lower than that without Cu(OAc), (2.70k2sq™1).
Such a sharp reduction in sheet resistance can be as-
cribed to the reduced defect density and superior
crystal quality, which results from the Cu(OAc), fa-
cilitated growth process. Perfect film uniformity was
also validated by the homogeneous sheet resistance
mapping results.

Optical transparency along with electrical con-
ductivity was accordingly evaluated, which, as a
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whole, is a key parameter for real applications such
as transparent electronics. Figure 4c shows the rela-
tionship between the sheet resistance and transmit-
tance of the obtained samples based on Cu(OAc),-
facilitated growth, reflecting our capacity to tailor
the optical and electrical properties by comprehen-
sively determining the growth conditions. In this
respect, the performance of our graphene compares
favorably with that reported in the literature, demon-
strating that it is one of the best results reported so
far for the transfer-free growth of graphene on insu-
lators (Fig. 4d, Table S1) [13,34-40]. It was even
found to be comparable to that of nitrogen-doped
graphene glass and graphene directly grown on
metal substrates. To further highlight the high qual-
ity of our Cu(OAc),-facilitated growth of transfer-
free graphene films, their carrier mobility was eval-
uated by fabricating top-gated field-effect transistor
devices (Fig. 4e). As for a representative device, a
carrier mobility value of 8500 cm* V™!
tained at room temperature (Fig. 4f), whlch is much

1 was ob-

higher than previously reported values for graphene
directly grown on insulators (Table S2) [12,41-45].

Considering the outstanding optical trans-
parency and electrical conductivity of our transfer-
free graphene, a hydrovoltaic electricity generator
was thus fabricated as a proof-of-concept device
for practical applications (Fig. S) [46]. Figure Sa
illustrates the device configuration of the electricity
generator based on the graphene/quartz glass
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Figure 5. Performance of droplet-based hydrovoltaic electricity generators. (a) Schematic illustration of the device set-up for
electricity generation. (b) Typical voltage signal generated by dragging a water droplet on a directly grown graphene/quartz
substrate at a constant velocity of 2 cm s™'. (c) Voltage signal produced by dragging a water droplet at different velocities.
(d) Comparison of voltage signals produced by dragging a droplet on directly grown graphene (red) and transferred graphene
(black), respectively. (e and f) Cycling tests of devices based on (e) directly grown graphene and (f) transferred graphene.

Insets: Corresponding static contact angles.

substrate. A droplet of 0.6 M NaCl aqueous solution
(~20 L) was sandwiched between the graphene
glass and a 3 x 3 mm? SiO,/Si wafer connected
to a variable-speed motor (Fig. S14). The droplet
could be drawn by the wafer at different velocities,
thereby generating a corresponding voltage signal
(Fig. S15). When the droplet is dragged from one
side to another side at a constant velocity of 2 cm s,
a voltage of 0.5 mV can be responsively produced
(Fig. Sb). The voltage generated by the movement
of the droplet drops sharply to zero when the droplet
ceases to move. When an ionic droplet is laid on
the surface of graphene, an electric double layer
(EDL) is formed at the solid-liquid interface [46].
Under a static state, there is no potential difference
between the two sides of the droplet. As the droplet
is dragged forward, the formation of the EDL at the
front will draw image charges, while the vanishing of
the EDL at the rear will release image charges, thus
generating a current flow and electric potential in
graphene (Fig. $16).

In comparison with previously reported hy-
drovoltaic devices based on transferred graphene
samples, our directly grown graphene device is free
of transfer-related contaminants and possesses a
robust contact between graphene and the substrate.
As shown in Fig. Sc, the induced voltage varies
from 0.5 to 1.5 mV when the velocity shifts from
4 to 12 cm s'. In addition to the velocity of the
droplet, the induced voltage is closely related to the
direction and the NaCl concentration of the droplet
(Figs S17 and S18). Figure 5d shows a comparison
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of the voltage response against the droplet velocity
between our directly grown graphene and the
transferred graphene. The transferred graphene was
synthesized on Cu foil by CVD and then transferred
onto a quartz substrate with the assistance of a
polymer. As for the directly grown graphene, the
induced voltage displays an almost linear increase
with increasing velocity from 2 to 20 cm s™'. In
contrast, transferred graphene shows a much
lower voltage value, where the curve of the voltage
response gradually becomes quite flat until the
induced voltage no longer increases at 10 cm s'.
This could be attributed to the unavoidable damage,
corrugation and polymeric contamination caused
by the transfer procedure, as well as the inferior
adhesive force between the transferred graphene
and the substrate. To further highlight the advance
of our droplet-based electricity generator, long-term
cyclic tests were carried out. As shown in Fig. Se,
the device based on directly grown graphene affords
excellent long-term durability with stable voltage
output, which can also be reflected by the identical
contact angle values before and after cycling (re-
maining at 85°). Nevertheless, the device based
on transferred graphene shows a fading voltage
output and a decreased contact angle (from 80.3° to
72.8°), as shown in Fig. Sf. The significant difference
between directly grown graphene and transferred
graphene could be attributed to the wettability of
substrate, which is reflected in the contact angle.
The output voltage is closely related to the velocity
of droplet movement, as well as the velocity of
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detachment of droplet at greater contact angle,
which means less wettability would lead to larger
output voltage. The transferred graphene device
shows significant voltage decay because of the
decreased water contact angle in the long-time test.
The unstable wetting characteristic of the trans-
ferred graphene can be ascribed to the unavoidable
damage, corrugation and polymeric contaminations
in the transfer process. Benefitting from the transfer-
free process and stable hydrophobicity characteristic
in the air, the directly grown graphene device shows
advances in the long-time electrical output. These
results collectively reveal the robustness of the
transfer-free graphene. Another prototype of a
droplet-based hydrovoltaic electricity generator de-
vice is shown, in which 0.6 M NaCl solution droplets
dropped onto a 70° tilted graphene surface from
1S cm above the contact point under gravity could
generate a pulse voltage of 30 mV (Fig. S19). This
enhanced voltage could be attributed to the larger
velocity of the droplet as well as the larger droplet
size when crashing onto the tilted graphene surface
[46]. Based on the results, energy harvesting devices
such as rain-droplet-driven electricity generators are
expected to be realized. Compared to other current
hydrovoltaic electricity generator devices based
on graphene, the fabricated devices demonstrated
higher generated voltages and superior long-term

durability (Table S3).

CONCLUSIONS

In summary, we have demonstrated a copper
acetate-facilitated approach for the transfer-free
synthesis of graphene films on dielectric substrates,
which readily harnesses high quality, high purity
and multilayer deficiency. The obtained graphene
films exhibited favorable electrical performance
with a sheet resistance reaching 1.24 k2 sq™! at
a high optical transmittance of 96% and a carrier
mobility reaching 8500 cm? V! s7!, greatly sur-
passing their directly grown counterparts reported
previously. The thus-derived hydrovoltaic electricity
generator based on our high-quality directly grown
graphene demonstrates impressive voltage output
and advanced cyclic stability, which indicates
great promise for smart energy harvesting with
environmental friendliness and cost effectiveness.

METHODS

CVD growth of graphene films
on dielectric substrates

Copper acetate-facilitated CVD growth of graphene
was performed using two independent heating sys-
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tems. Prior to the CVD growth of graphene, the
substrate (sapphire, quartz) was washed in an ultra-
sonic bath with deionized water, acetone and iso-
propanol consecutively, and then dried with a N,
blow. Subsequently, the substrate was loaded into a
horizontal quartz tube (1- or 3-inch diameter) inside
afurnace, with the temperature set to 1030-1080°C,
while the Cu(OAc), powder (50 mg) was loaded
with a quartz boat upstream the same horizontal
quartz tube with another independent furnace, with
the temperature set to 150°C. First, the substrate
was heated to 1020-1080°C and annealed in air
to eliminate surface contamination. Subsequently,
Cu(OAc), was heated to 150°C to continuously
supply metal-containing precursors. Ar was then in-
troduced into the chamber to remove the air, and H,
and CH, were introduced into the chamber to initi-
ate the growth of graphene. The graphene films were
synthesized using the atmospheric-pressure CVD
(APCVD) method. As for the 1-inch system, typi-
cal graphene growth was performed with a gas mix-
ture of Ar/H,/CH, (200/100/10-25 sccm) for 2—
S hours. After the graphene growth process, the two
heating systems were cut off and the sample was
cooled to room temperature in an atmosphere of Ar
and H,. For graphene growth without copper ac-
etate assistance, the process was almost the same, but
without the use of Cu(OAc),.

Theoretical calculation

DFT calculations were performed using the Vienna
ab initio simulation package (VASP). The exchange-
correlation functional was described by the Perdew-
Burke-Ernzerhof version of the generalized gradient
approximation and the core region by the projec-
tor augmented wave method with the cutoff of the
plane-wave set as 400 eV. A 1 x 1 X 1k-point mesh
was used for structure relaxation and climbing im-
age nudged elastic band (CI-NEB) calculations. The
vacuum layer was larger than 10 A to avoid inter-
actions with the neighboring images. Using plane-
wave-based total energy minimization, all structures
were fully relaxed until the force on each atom was
less than 0.01 eV/A. The decomposition energy of
CH, was calculated as the energy difference between
CH, and the case that one H atom is moved far away
from CH,._;. The Cuy cluster was the relatively sta-
ble structure to participate in the decomposition of
CH.,.

Fabrication of hydrovoltaic devices

For the fabrication of a hydrovoltaic device based on
transferred graphene sample, graphene was grown
on copper foil by the CVD method and then trans-
terred onto a quartz substrate. Two terminals of the
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graphene samples were wired with carbon tape to
form an ohmic contact, followed by silver epoxy in-
sulation. The fabrication of a hydrovoltaic device
based on the directly grown graphene followed iden-
tical procedures.

Voltage measurement

Adroplet of 0.6 M NaClaqueous solution (~20 uL)
was sandwiched between the graphene sample and a
3 x 3 mm? SiO,/Si support connected to a variable-
speed motor. The droplet can be drawn by the wafer
at different velocities. The voltage signal between
the two electrodes was recorded in real time using
a Keithley DMM6500 multimeter.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

FUNDING

This work was supported by the National Key R&D Pro-
gram of China (2019YFA0708201 and 2019YFA0708204),
National Natural Science Foundation of China (61527814,
51702225, 51432002, 61474109, 51290272, 51502007,
11474274, 51520105003 and 51672007), National Equipment
Program of China (ZDYZ2015-1), Beijing Municipal Science
and Technology Planning Project (Z181100004818002 and
7191100000819004), Beijing National Laboratory for Molecular
Sciences (BNLMS-CXTD-202001) and Beijing Natural Science
Foundation (4182063).

AUTHOR CONTRIBUTIONS

J.Y.S, J.Y.S. and Z.F.L. conceived the idea and designed the ex-
periment. J.Y.S. conducted the experiments on graphene growth.
S.M.F. conducted the experiment on an electricity genera-
tor device. WD.W,, RZ. and L.L. helped fabricate top-gated
field-effect transistor devices and conducted carrier mobility char-
acterization. W.Z. and W.Y.G. performed the theoretical sim-
ulations. X.Q.Y. and M.H.R. performed TEM characterization.
J.Y.S, Z.F.L. and ].Y.S wrote the manuscript. All authors partic-

ipated in data analysis and interpretation.

Conflict of interest statement. None declared.

REFERENCES

1. Lin L, Peng H and Liu Z. Synthesis challenges for graphene in-
dustry. Nat Mater 2019; 18: 520—4.

2. Li X, Cai W and An J et al. Large-area synthesis of high-quality
and uniform graphene films on copper foils. Science 2009; 324
1312-4.

3.Bae S, Kim H and Lee Y et al. Roll-to-roll production of
30-inch graphene films for transparent electrodes. Nat Nan-
otechnol 2010; 5: 574-8.

4. LiX, Cai Wand Colombo L et al. Evolution of graphene growth on
Ni and Cu by carbon isotope labeling. Nano Lett 2009; 9: 4268—
72.

Page 8 of 9

19.
20.

21.

22.

23.

. Lupina G, Kitzmann J and Costina | et al. Residual metallic con-

tamination of transferred chemical vapor deposited graphene.
ACS Nano 2015; 9: 4776-85.

. Chen X, ChenZ and Sun J et al. Graphene glass: direct growth of

graphene on traditional glasses. Acta Phys Chim Sin 2016; 32:
14-27.

. Chen Z, Qi Y and Chen X et al. Direct CVD growth of graphene

on traditional glass: methods and mechanisms. Adv Mater2019;
31: 1803639.

. Kéhler C, Hajnal Z and Dedk P et al. Theoretical investigation

of carbon defects and diffusion in quartz. Phys Rev B 2001; 64:
085333.

. Kwak J, Chu JH and Choi JK et al. Near room-temperature syn-

thesis of transfer-free graphene films. Nat Commun 2012; 3:
645.

. Ismach A, Druzgalski C and Penwell S et al. Direct chemical

vapor deposition of graphene on dielectric surfaces. Nano Lett
2010; 10: 1542-8.

. Wang Z, Xue Z and Zhang M et al. Germanium-assisted direct

growth of graphene on arbitrary dielectric substrates for heating
devices. Small2017;13: 1700929.

. Kim H, Song | and Park C et al. Copper-vapor-assisted chemi-

cal vapor deposition for high-quality and metal-free single-layer
graphene on amorphous Si0; substrate. ACS Nano 2013; 7:
6575-82.

. Teng PY, Lu CC and Akiyama-Hasegawa K et al. Remote cat-

alyzation for direct formation of graphene layers on oxides.
Nano Lett2012; 12: 1379-84.

. Tan L, Zeng M and Wu Q et a/. Direct growth of ultrafast trans-

parent single-layer graphene defoggers. Smal/2015; 11: 1840—
6.

. Li Q, Zhao Z and Yan B et al. Nickelocene-precursor-facilitated

fast growth of graphene/h-BN vertical heterostructures and its
applications in OLEDs. Adv Mater2017; 29: 1701325.

. Jia K, Zhang J and Lin L et al. Copper-containing carbon feed-

stock for growing superclean graphene. J Am Chem Soc 2019;
141: 7670-4.

.Yan K, Fu L and Peng H et al. Designed CVD growth of

graphene via process engineering. Acc Chem Res 2013; 46:
2263-74.

. Shu H, Tao XM and Ding F. What are the active carbon species

during graphene chemical vapor deposition growth? Nanoscale
2015; 7: 1627-34.

Robertson J. Amorphous carbon. Adv Phys 1986; 35: 317-74.
Zhang J, Jia K and Lin L et al. Large-area synthesis of su-
perclean graphene via selective etching of amorphous car-
bon with carbon dioxide. Angew Chem Int Ed 2019; 58:
14446-51.

Perdew JP, Burke K and Ernzerhof M. Generalized gradi-
ent approximation made simple. Phys Rev Lett 1996; 77
3865-8.

Blochl PE. Projector augmented-wave method. Phys Rev B1994;
50: 17953-79.

Kresse G and Furthmiiller J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave
basis set. Comput Mater Sci 1996; 6: 15-50.


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwab169#supplementary-data
http://dx.doi.org/10.1038/s41563-019-0341-4
http://dx.doi.org/10.1126/science.1171245
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.1021/nl902515k
http://dx.doi.org/10.1021/acsnano.5b01261
http://dx.doi.org/10.3866/PKU.WHXB201511133
http://dx.doi.org/10.1002/adma.201803639
http://dx.doi.org/10.1103/PhysRevB.64.085333
http://dx.doi.org/10.1038/ncomms1650
http://dx.doi.org/10.1021/nl9037714
http://dx.doi.org/10.1002/smll.201700929
http://dx.doi.org/10.1021/nn402847w
http://dx.doi.org/10.1021/nl204024k
http://dx.doi.org/10.1002/smll.201402427
http://dx.doi.org/10.1002/adma.201701325
http://dx.doi.org/10.1021/jacs.9b02068
http://dx.doi.org/10.1021/ar400057n
http://dx.doi.org/10.1039/C4NR05590J
http://dx.doi.org/10.1080/00018738600101911
http://dx.doi.org/10.1002/anie.201905672
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1016/0927-0256(96)00008-0

24.

25.

26.

27.

28.

29.

30.

3

32.

33.

34.

35.

Natl Sci Rev, 2022, Vo

Henkelman G, Uberuaga BP and Jénsson HA. A climbing image nudged elastic
band method for finding saddle points and minimum energy paths. J Chem Phys
2000; 113: 9901-4.

Gong C, Colombo L and Cho K. Photon-assisted CVD growth of graphene using
metal adatoms as catalysts. J Phys Chem C 2012; 116: 18263-9.

Aoki M and Amawashi H. Dependence of band structures on stacking and field
in layered graphene. Solid State Commun 2007; 142: 123-7.

Malard LM, Pimenta MA and Dresselhaus G et al. Raman spectroscopy in
graphene. Phys Rep 2009; 473: 51-87.

Ferrari AC and Basko DM. Raman spectrum of graphene and graphene layers.
Nat Nanotechnol 2013; 8: 235-46.

Ferrari AC, Meyer JC and Scardaci V et al. Raman spectrum of graphene and
graphene layers. Phys fev Lett 2006; 97: 187401.

Meérel P, Tabbal M and Chaker M et al. Direct evaluation of the sp3 content in
diamond-like-carbon films by XPS. App/ Surf Sci 1998; 136: 105-10.

. Bhaviripudi S, Jia X and Dresselhaus MS et al. Role of kinetic factors in chem-

ical vapor deposition synthesis of uniform large area graphene using copper
catalyst. Nano Lett2010; 10: 4128-33.

Huang PY, Ruiz-Vargas CS and van der Zande AM et al. Grains and grain bound-
aries in single-layer graphene atomic patchwork quilts. Nature2011; 469: 389—
92.

Bachmatiuk A, Zhao J and Gorantla SM et al. Low voltage transmission electron
microscopy of graphene. Smal/ 2015; 11: 515-42.

CuiL, ChenXand Liu B et al. Highly conductive nitrogen-doped graphene grown
on glass toward electrochromic applications. ACS Appl Mater Interfaces 2018;
10: 32622-30.

Sun J, Chen Y and Priydarshi MK et al. Direct chemical vapor deposition-
derived graphene glasses targeting wide ranged applications. Nano Lett 2015;
15: 5846-54.

36.

37.

38.

39.

40.

4

=

42.

43.

44.

45.

46.

.9, nwab169

Sun J, Chen Z and Yuan L et al. Direct chemical-vapor-deposition-fabricated,
large-scale graphene glass with high carrier mobility and uniformity for touch
panel applications. ACS Nano 2016; 10: 11136-44.

Chen XD, Chen Z and Jiang WS et al. Fast growth and broad applications of
25-inch uniform graphene glass. Adv Mater 2017; 29: 1603428.

SunJ, ChenY and Cai X et al. Direct low-temperature synthesis of graphene on
various glasses by plasma-enhanced chemical vapor deposition for versatile,
cost-effective electrodes. Nano Res 2015; 8: 3496-504.

Kim KS, Zhao Y and Jang H et al Llarge-scale pattern growth of
graphene films for stretchable transparent electrodes. Nature 2009; 457:
706-10.

Suk JW, Kitt A and Magnuson CW et al. Transfer of CVD-grown monolayer
graphene onto arbitrary substrates. ACS Nano 2011; 5: 6916-24.

. Mishra N, Forti S and Fabbri F et al. Wafer-scale synthesis of graphene on
sapphire: toward fab-compatible graphene. Small2019; 15: 1904906.

Song |, Park Y and Cho H et al. Transfer-free, large-scale growth of high-quality
graphene on insulating substrate by physical contact of copper foil. Angew
Chem Int Ed 2018; 57: 15374-8.

Wang H, Xue X and Jiang Q et a/. Primary nucleation-dominated chemical vapor
deposition growth for uniform graphene monolayers on dielectric substrate.
JAm Chem Soc 2019; 141: 11004-8.

Chen J, Guo Y and Wen Y et al. Two-stage metal-catalyst-free growth of high-
quality polycrystalline graphene films on silicon nitride substrates. Adv Mater
2013; 25: 992—7.

Pang J, Mendes RG and Wrobel PS et al. Self-terminating confinement ap-
proach for large-area uniform monolayer graphene directly over Si/SiOy by
chemical vapor deposition. ACS Nano 2017; 11: 1946-56.

Yin J, Li X and Yu J et al. Generating electricity by moving a droplet of ionic
liquid along graphene. Nat Nanotechnol 2014; 9: 378-83.

Page 9 of 9


http://dx.doi.org/10.1063/1.1329672
http://dx.doi.org/10.1021/jp305268n
http://dx.doi.org/10.1016/j.ssc.2007.02.013
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1038/nnano.2013.46
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1016/S0169-4332(98)00319-5
http://dx.doi.org/10.1021/nl102355e
http://dx.doi.org/10.1038/nature09718
http://dx.doi.org/10.1002/smll.201401804
http://dx.doi.org/10.1021/acsami.8b11579
http://dx.doi.org/10.1021/acs.nanolett.5b01936
http://dx.doi.org/10.1021/acsnano.6b06066
http://dx.doi.org/10.1002/adma.201603428
http://dx.doi.org/10.1007/s12274-015-0849-0
http://dx.doi.org/10.1038/nature07719
http://dx.doi.org/10.1021/nn201207c
http://dx.doi.org/10.1002/smll.201904906
http://dx.doi.org/10.1002/anie.201805923
http://dx.doi.org/10.1002/anie.201805923
http://dx.doi.org/10.1021/jacs.9b05705
http://dx.doi.org/10.1002/adma.201202973
http://dx.doi.org/10.1021/acsnano.6b08069
http://dx.doi.org/10.1038/nnano.2014.56

