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Controllable synthesis of silver nanoparticle-decorated
reduced graphene oxide hybrids for ammonia
detection†

Shumao Cui, Shun Mao, Zhenhai Wen, Jingbo Chang, Yang Zhang
and Junhong Chen*

We demonstrate controllable fabrication of Ag nanoparticle (NP)-decorated reduced graphene oxide

(RGO/Ag) hybrids and their application for fast and selective detection of ammonia at room

temperature. Ag NPs greatly improved the sensitivity of RGO. The response time (6 s) and recovery time

(10 s) are comparable with our previous Ag NP-decorated multiwalled carbon nanotube (MWCNT/Ag)

NH3 sensors; however, the sensitivity is about twice that of MWCNT/Ag hybrids. We found that the

loading density of NPs greatly affects the sensing performance of RGO/Ag hybrids and a proper NP

loading leads to maximum sensitivity.
Introduction

In recent yearsmany research breakthroughs have been achieved
on graphene, which is a two-dimensional single layer of graphite.
Because of its unique structure and superior thermal, mechan-
ical, and electric properties,1,2 such as high charge mobility,
graphene has been applied to various applications, including
sensors,3–7 photodetectors, and lithium-ion batteries.8,9 Gra-
phene is sensitive to changes in chemical environments due to
its high charge mobility, high specic surface area, and low
electrical noise at room temperature;10 however, the low sensi-
tivity and poor selectivity of intrinsic graphene limit its use in
gas-sensing applications.10,11 Fortunately, it is well-known that
noble metals, such as Au, Pd, and Pt, have been widely used as
catalysts and deposited onto carbon nanotubes, forming hybrid
structures for highly selective and sensitive gas sensors. For
example, Au is highly active for CO oxidation and has been
deposited on carbon nanotubes for selective CO detection.12,13

Recently, many nanohybrids composed of graphene and
noble metals have been prepared and their high room-
temperature sensing performance has been reported;14,15 as
such, noble-metal decorated graphene nanohybrids are expec-
ted to be a new type of sensing material with high sensitivity
and excellent selectivity. Furthermore, it was reported that Pt-
decorated graphene is much more sensitive than Pt-decorated
multiwalled carbon nanotubes (MWCNTs) for hydrogen detec-
tion, which explains the superior properties of graphene in gas-
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sensing applications.16 In our previous study, a fast and selec-
tive room-temperature ammonia (NH3) sensor was synthesized
using Ag NP-decorated MWCNTs.17 Based on our experimental
and theoretical results, the Ag NP coating greatly improved the
sensing performance of MWCNTs toward NH3; therefore, it is
anticipated that Ag NP-decorated graphene could offer
improved NH3 sensing properties over bare graphene.

Here we report on a Ag NP-decorated reduced graphene
oxide (RGO) hybrid (RGO/Ag) sensing platform and its sensing
properties for NH3 detection before and aer the deposition of
Ag NPs. RGO was synthesized by a top-down method, chemi-
cally reducing graphene oxide (GO) obtained by chemical exfo-
liation of graphite, which is inexpensive and one of the scalable
methods to fabricate graphene.10 Silver NPs were deposited on
RGO by physical vapor deposition using a mini-arc plasma as a
source with low contamination, and the amount of Ag NPs on
the RGO surface was controlled by the deposition time. Based
on the results, the Ag NP coating dramatically improved the
sensitivity; by comparison, the sensitivity of RGO/Ag is higher
than that of RGO and MWCNT/Ag. The inuence of Ag NP
loading on the sensing performance of RGO/Ag hybrids was
studied. The low-cost assembly of Ag NPs onto the RGO surface
using a simple physical vapor deposition process holds great
potential for large-scale applications.
Experimental
Preparation of RGO

The RGO was obtained by chemically reducing GO dispersion,
which was prepared using a modied Hummers method.18

Briey, H3NO$HCl was added into the GO dispersion and the
mixture was continuously stirred at 80 �C for 30 hours. Then,
Analyst, 2013, 138, 2877–2882 | 2877
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View Article Online
the black product was ltered and washed with distilled water
and acetone to obtain RGO powders. Finally, the RGO disper-
sion was prepared by distributing the RGO powders in N,N-
dimethylformamide (DMF) with sonication for 2 hours.
Sensor fabrication and characterization

Scheme 1 illustrates the complete sensor fabrication process.
Interdigitated gold electrodes were fabricated using e-beam
lithography on a silicon substrate with a SiO2 thin top layer.
Then, a tiny drop (1 ml) of RGO dispersion was drop-cast on the
gold electrodes, and RGO akes bridged the gold ngers aer
solvent evaporation. The amount of RGO akes on gold elec-
trodes can be controlled by adjusting the dispersion concen-
tration. Further annealing treatment at 200 �C for 1 hour in Ar
ow (1 l min�1) was performed to remove the residual DMF and
improve the contacts between the RGO and gold electrodes.

To synthesize the RGO/Ag hybrid, we produced Ag NPs using
a previously reported physical vapor deposition process in a
mini-arc plasma reactor.17,19 Themini-arc plasma was generated
between two carbon electrodes driven by a commercial tungsten
inert gas (TIG) arc welder (Miller Maxstar 150 STH), and small
pieces of Ag (99.999% purity) cut from an Ag wire were used as
the source material. The Ag pieces were rst vaporized by the
mini-arc plasma source. Then, the Ag vapor was carried by an Ar
ow downstream and quenched in the gas phase, forming Ag
NPs. The as-produced Ag NPs were directly deposited onto the
RGO supported by gold electrodes or a transmission electron
microscopy (TEM) grid using an electrostatic force-directed
assembly (ESFDA) process.20

The as-produced RGO was characterized in our previous
report.18 The morphology and crystal structure of the RGO/Ag
hybrid were studied using a eld-emission scanning electron
microscope (SEM) (Hitachi S4800) and a high-resolution
transmission electron microscope (HRTEM) (Hitachi H-9000-
NAR) with 0.18 nm point and 0.11 nm lattice resolution oper-
ated at an accelerating voltage of 300 kV. The surface chemical
composition was characterized by an X-ray photoelectron
spectroscope (XPS) (HP 5950A). Raman spectra were taken using
a Raman spectrometer (Renishaw 1000B).
Scheme 1 Schematic illustration of the process to fabricate RGO/Ag hybrid
sensor devices and the subsequent sensing measurements.

2878 | Analyst, 2013, 138, 2877–2882
Ammonia-sensing measurement

The sensor device was placed in an air-tight chamber with
electrical feedthroughs. A constant voltage was added to the
electrodes, and the variation of resistance was monitored and
recorded with the changes in the gas environment using a
Keithley 2602 source meter. Typically, a sensing-measurement
cycle has three continuous steps: (1) introducing dry air
(2 l min�1) as a background, then (2) injecting ammonia gas
(2 l min�1) to register a sensing signal, and (3) introducing dry
air (2 l min�1) again for sensor recovery.
Results and discussion

Aer the RGO dispersion dried on the gold electrode, the
morphology was characterized by SEM. Fig. 1a shows an SEM
image of one typical RGO ake bridging a pair of gold electrode
ngers in a sensor device; the wrinkle on the RGO ake is an
intrinsic characteristic.21 Aer in situ deposition of Ag NPs on
RGO, RGO/Ag hybrids formed on the device (Fig. 1b); it is
evident that Ag NPs distribute uniformly on the RGO surface.
Since the number of Ag NPs can be controlled by the deposition
time, the loading density shown in Fig. 1b is relatively high for a
deposition time of 15 min. The RGO/Ag hybrids were also
characterized by TEM with a sample prepared on a TEM grid.
Fig. 1c shows a TEM image of RGO/Ag hybrids suspended over
the carbon lm hole. The size of the Ag NPs ranges from several
nanometers to 10 nm over the RGO surface. Some larger NPs of
about 20 nm anchor on the edge due to the stronger electro-
static force during the ESFDA process.20 The inset in Fig. 1c is an
SAED pattern of RGO/Ag hybrids, evidencing a single layer of
RGO and good crystallinity of Ag NPs, in which the rst four
bright continuous rings are indexed to cubic fcc (111), (200),
(220), and (311) lattice planes of Ag metal from the inside to the
Fig. 1 (a and b) SEM images of an RGO flake before and after Ag NP deposition
bridging a pair of gold electrode fingers. (c) TEM image of an RGO flake decorated
with Ag NPs. The inset is an SAED pattern of RGO/Ag hybrids. (d) HRTEM image of
RGO/Ag hybrids.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) XPS spectra of RGO/Ag hybrids. (b) High-resolution XPS spectra of Ag
3d from RGO/Ag hybrids.

Fig. 3 (a) I–V characteristic of RGO/Ag hybrids on gold electrodes and the inset
is the FET measurement of the sensor device. (b) The room-temperature dynamic-
sensing responses of RGO before and after Ag NP deposition. (c) Dynamic
responses of RGO/Ag hybrids when exposed to different concentrations of NH3.
(d) Five-cycle responses of RGO/Ag to 10 000 ppm NH3, indicating a good
stability of the sensor.
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outside.17 An HRTEM image (Fig. 1d) further conrms the
crystalline structure of Ag NPs, and themeasured lattice spacing
of 0.235 nm is indexed to the (111) plane of Ag.

The surface composition of the RGO/Ag hybrid nano-
structure was examined using XPS (Fig. 2). The entire XPS survey
spectra (Fig. 2a) clearly show C 1s, O 1s, Ag 3d, and Ag 3p peaks,
indicating that the hybrids consist of C, O, and Ag elements.
The Si peak in the spectra is from the silicon wafer, which was
used as the support in the test. According to our previous study,
RGO mainly contributes to the C 1s and O 1s signals detected
due to the graphene basal plane and the oxygen-containing
functional groups.18 A part of the O signal could be from the
oxygen adsorption of air. It was reported that Ag 3d peaks of Ag
NPs were composed of Ag metal and Ag+ appeared at 368.3 and
374.3 eV.22 In our study, the Ag 3d peaks are centered at 368.8
and 374.8 eV (Fig. 2b), which are close to the reported results,
indicating metallic Ag and Ag+ on the RGO surface. This is also
consistent with our theoretical calculation results that the
surface of Ag NPs is likely oxidized by oxygen when exposed to
air.19 The RGO/Ag hybrids were also characterized using Raman
spectroscopy. Fig. S1† shows the Raman spectra of RGO before
and aer the Ag NP decoration. The spectrum of RGO, with a D
band to G band intensity ratio of 1.26, is consistent with that of
chemically reduced graphene oxide.23 The similar spectra of
RGO with and without the Ag NP decoration indicate that Ag
NPs do not signicantly modify the structure of RGO.

Fig. 3a shows the electrical characteristics of a eld-effect
transistor (FET) device based on RGO/Ag hybrids. The straight
linear I–V curve indicates that the contacts between the RGO/Ag
and gold electrodes are ohmic. To investigate the effect of Ag
NPs on RGO, the resistance of the device was measured before
and aer the deposition of Ag NPs. We found the resistance of
this sample increased from 1.3 � 103 to 1.4 � 103 U, which is
the typical trend for all samples. Because the RGO in this study
is a p-type semiconductor (Fig. S2†), the increased resistance
could be explained by the fact that Ag NPs led to hole depletion
zones in their interface between the RGO and Ag NPs, which is
consistent with our previous results of depositing SnO2 NPs on
RGO sheets.24 However, the resistance of MWCNTs decreased
when Ag NPs were deposited on them (MWCNTs are p-type
semiconductors, the same as RGO), possibly because of the
oxygen-containing functional groups on RGO. The inset in
Fig. 3a shows the source–drain current curve of gate voltage
dependence for the FET device, which demonstrates that the
This journal is ª The Royal Society of Chemistry 2013
current decreases slowly with gate voltage sweeping from�30 to
30 V, indicating that the RGO/Ag hybrids are p-type semi-
conductors and the Ag NPs did not change the semiconducting
type of RGO.

To demonstrate the sensing enhancement of Ag NPs, the
sensing performance of RGO was measured before and aer Ag
NP deposition, respectively. To ensure comparable results, bare
RGO was rst tested against NH3. Then, the same sensor was
tested again aer depositing Ag NPs using the same sensing
process. The dynamic sensing responses of both bare RGO and
RGO/Ag hybrids to 10 000 ppm NH3 are shown in Fig. 3b. The
sensitivity is dened as the ratio of resistance change with
exposure to the test gas to the initial resistance in air (DR/R).
The results demonstrate that the sensitivity increased from 5.1
� 0.2% for RGO to 17.4 � 0.2% for RGO/Ag hybrids with the
same exposure time, which clearly indicates the signicant
sensing enhancement of Ag NPs. This enhancement also can be
presented in terms of signal-to-noise ratio (S/N) of RGO and
RGO/Ag hybrids. Here, S is dened as the ratio of maximum
sensitivity upon NH3 exposure to the average sensitivity in air
before NH3 exposure. N is dened as the ratio of maximum
sensitivity in air to the average sensitivity in air in the rst
sensing cycle. According to the analysis, the S/N values are 7.6
and 13.6 for RGO and RGO/Ag hybrids, respectively, which
suggests that RGO/Ag hybrids are better than RGO for NH3

detection.
According to our previous study, Ag NPs act as the dominant

active adsorption sites for NH3 and enhance the sensitivity of p-
type MWCNTs by “electronic sensitization.”17 NH3 is a typical
reducing gas, acting as an electron donor upon interaction with
sensors. A net charge transfer from NH3 to Ag was observed
upon adsorption that reduced the oxidation state of Ag,17

increased the hole depletion zones in RGO, and increased RGO
sensitivity. Ag NP deposition on RGO resulted in more active
Analyst, 2013, 138, 2877–2882 | 2879
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Fig. 4 Dynamic sensing response evolution of RGO with different loadings of
Ag NPs.
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adsorption sites and stronger adsorption ability for NH3, which
may be responsible for the signicant sensing enhancement.

The sensitivity of RGO/Ag hybrids is also about twice that of
hybrids composed of MWCNTs and Ag NPs (9%) with the same
deposition time.17 The sensor's high sensitivity can be attributed
to the large specic surface area of RGO, which offers more
surface for Ag NP dispersion and leads to more active sites for
NH3 adsorption. The results are consistent with a previous report
that demonstrated Pt-decorated graphene sensors are more
sensitive than Pt-decorated MWCNTs to H2.16 Other properties
of RGO may also play an important role in the enhancement,
such as high carrier mobility (15 000 cm2 V�1 s�1).2

To compare the response time of RGO before and aer Ag NP
deposition, a response time was dened as the time needed for
a sensor to change more than 63.2% of the maximum sensi-
tivity, corresponding with a one-time constant in a rst-order
dynamic system.25 Analysis of Fig. 3b shows that the response
times are 151 s and 6 s for RGO and RGO/Ag hybrids, respec-
tively. The response time for RGO/Ag hybrids is comparable
with that of Ag NP-decoratedMWCNTs (7 s)17 and other fast NH3

sensors, such as an ultrafast room-temperature NH3 sensor
made of RGO (10 s).26 The dramatically improved response by
Ag NPs can be understood using a similar mechanism with Ag
NPs on MWCNTs.17 RGO has a much higher carrier mobility
and acts as a conducting channel in the sensor device. The
electronic state of RGO can be rapidly changed by the oxidation
state of Ag NPs. Both the adsorption of NH3 on Ag NPs and the
electron transfer between NH3 and Ag are fast, as shown in our
previous study.17 Thus, the adsorption of NH3 can rapidly
change the carrier density of RGO and lead to a faster response.

The recovery time of RGOwas also improved by Ag NPs. Here,
the recovery time was dened as the time needed to recover
more than 63.2% of the maximum sensitivity. An analysis of
Fig. 3b demonstrates that an RGO/Ag sensor can fully recover to
its initial state within 6.7 min, which is comparable with that of
Ag NP-decoratedMWCNT hybrids (7 min).17 However, it took the
RGO overnight or days to obtain full recovery, which is consis-
tent with previous reports.11,27 For our RGO/Ag sensor, the
recovery time is 10 s, which is also comparable with that of an Ag
NP-decorated MWCNTs ammonia sensor (15 s).17 Therefore, the
recovery speed was greatly accelerated by coating with Ag NPs.
The long recovery time for the RGO could be attributed to high
binding energy between NH3 molecules and RGO defects and
oxygen-containing functional groups. Nevertheless, Ag NPs
occupied those active sites and the direct interaction between
NH3 and Ag NPs dominated the sensing process. The rapid
recovery speed indicates that the desorption barrier from the Ag
surface for NH3 molecules is low and the electron transfer from
Ag to NH3 occurs quickly, which agrees with our previous
study.17 For practical use, a sensor should have distinguishable
responses to different gas concentrations. In this study,
different concentrations of NH3 were measured using the same
sensor device, and the results suggest that the sensor was
sensitive to concentration variations; the sensitivity increased
from 7.7 � 0.2% to 17.4 � 0.2% with increasing gas concen-
trations ranging from 2500 to 10 000 ppm (Fig. 3c). To study the
sensing stability, ve sensing cycles were measured to 10 000
2880 | Analyst, 2013, 138, 2877–2882
ppm NH3 using the same sensing process (Fig. 3d). The sensing
responses appear to be quite repeatable.

According to the results, Ag NPs on the RGO surface serve as
the dominating sensing element; therefore, the NP density can
signicantly affect the sensing performance. To investigate the
inuence, the sensing response was measured for one sensor
device with four Ag NP loadings of 5 min, 10 min, 15 min, and
20 min deposition times, respectively. First, the sensing
performance was tested with Ag NPs with 5 min deposition
time. Then, the same sensor was measured again with another
5 min Ag NP deposition, and this process continued until
coating for 20 min deposition time. Fig. S3† shows SEM images
of the sensor with different Ag NP loadings. The areal density of
Ag NPs increases with increasing deposition time, and the Ag
NPs distributed uniformly over the entire surface of the RGO,
even with a large number of NPs, which is superior to the wet-
chemical method that typically causes Ag NP aggregation with
an overly high loading.22 The sensing responses indicate that
the sensitivity of RGO was dependent on Ag NP density (Fig. 4).
The RGO loaded with Ag NPs with 15 min deposition time
provided the highest sensitivity due to more adsorption sites,
whereas longer deposition time (20 min) dramatically
decreased the sensitivity, which is consistent with that of Pt-
coated RGO.28 A possible reason for this is related to the high
density of Ag NPs on the RGO surface, in which a continuous Ag
lm formed on the RGO. To further conrm this, a bare gold
electrode without RGO was deposited with Ag NPs for 1 h and
the morphology was observed using SEM (Fig. S4†). The elec-
trical test showed that the electrode gap was still open, sug-
gesting a non-continuous Ag NP lm. Until now, it is unclear
why the sensitivity dramatically decreased, and more work is
needed to obtain a clear understanding. Nevertheless, a proper
loading of Ag NPs with about a 15 min deposition time could
provide a maximum sensitivity.

The response of the RGO sensors before and aer Ag NP
deposition was also evaluated against NO2, because of its strong
cross-sensitivity for RGO.18,29 Fig. 5a clearly demonstrates that
the resistance change of RGO during exposure to NO2 decreased
This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3an36922f


Fig. 5 (a) Dynamic sensing responses of RGO to NO2 before and after Ag NP
deposition. (b) Five-cycle sensing behavior of RGO/Ag hybrids followed by the
first cycle in (a). (c and d) First cycle and the subsequent five-cycle sensing
response, respectively, for another RGO/Ag sample with the same Ag NP loading
(15 min deposition).
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due to coating Ag NPs and led to a highly selective ammonia
sensor. Interestingly, the sensitivity (real value in Fig. 5a) kept
decreasing for the RGO sensor when exposed to NO2; however,
the sensitivity of the RGO/Ag hybrids rapidly decreased for a
short time, and then gradually increased in NO2 ow. For
recovery in air, the RGO recovered only a part of the entire
resistance change in 20 min, but RGO/Ag hybrids recovered and
exceed the resistance change for NO2 exposure in 5 min. The
following ve-cycle response to NO2 was stable and can recover
to its initial state in a short time (Fig. 5b), and the sensitivity is
similar to the rst cycle. In this study, to the best of our
knowledge, this interesting over-recovery of RGO-based gas
sensors is the rst to be reported. To further verify this behavior,
another RGO/Ag sample was prepared and tested using the
same process. The sensing response to NO2 is similar to that in
Fig. 5a, but the sensitivity greatly increased for the rising part
when exposed to NO2, demonstrating an even higher over-
recovery (Fig. 5c). This behavior remained the same in the next
several cycles, as shown in Fig. 5d. To demonstrate the sensing
behavior to NH3, the same sensor was measured with 10 000
ppm NH3 for ve cycles (Fig. S5†); the results indicate good
sensing, similar to that in Fig. 3d.

Generally, NO2 is an oxidizing gas and withdraws electrons
upon adsorption in the gas-sensing process. Ag NPs were found
to improve the response of MWNCTs to NO2.19 It is reasonable
that the resistance of the RGO/Ag hybrids decreased at the
beginning, as indicated in Fig. 5a and c, due to its p-type
semiconducting property and an electron transfer from the
hybrids to NO2. However, the resistance increased in the
following major time for NO2 exposure, suggesting that elec-
trons transferred into the RGO/Ag hybrids. The large increase in
resistance shown in Fig. 5c indicates an even larger number of
electrons transferring from the gas to the hybrids, and NO2

acted like an electron donor. This could be related to the
intrinsic property change of RGO by decorating NPs. A similar
This journal is ª The Royal Society of Chemistry 2013
interesting sensing-response behavior also occurred to SnO2

NP-decorated RGO hybrids for H2 detection. Hydrogen is a
reducing gas and donates electrons into sensors upon adsorp-
tion on SnO2-decorated p-type semiconducting MWCNTs.30

However, the resistance of SnO2 NP-decorated RGO hybrids
decreased aer exposure to H2, suggesting that electrons
transferred out of the RGO, which is the conducting channel for
the sensors.31 Because of the possible property change, the real
resistance of RGO/Ag hybrids decreased less than pure RGO
with the same NO2 exposure due to fewer electrons transferring
out of the RGO/Ag hybrids. Further study is warranted to obtain
a clear understanding of such a phenomenon.
Conclusions

We fabricated new ammonia sensors using Ag NP-decorated
RGO hybrid nanostructures in a simple and controllable
fashion. The RGO/Ag hybrid sensors show a higher sensitivity
than RGO alone. Ag NP decoration on RGO also achieves a fast
response and recovery speed towards NH3. The density of Ag
NPs affects the sensing sensitivity, and there is a maximum
sensitivity for a proper loading density. Ag NPs also decrease the
response (reduced resistance) to NO2, resulting in a better
selectivity of RGO to NH3.
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