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Abstract 

In this work the possibility was investigated to synthesize in-situ silver nanoparticles (AgNP) on graphene oxide (GO) surface 

without commonly used additional reducing or alkalizing agents or increased temperature. Using diverse microscopic (AFM, 

TEM) and spectroscopic methods, it was proved that very small AgNPs were formed on GO by simple incubation for 2 hours 

a mixture of GO dispersion and AgNO3. The prepared nanomaterial (GO_Ag) was also assessed using electrochemical methods 

and it exhibited electrochemical behavior similar to GO_Ag nanomaterial prepared with a help of citric acid as a reducing 

agent. Furthermore, it was found that i) electrochemical reduction of the GO_Ag on electrode surface decreased the 

voltammetric response even though this step has increased the surface conductivity and ii) GO_Ag can be employed for sensing 

of chlorides with detection limit of 79 M and a linear range up to 10 mM. It could also provide electrochemical response 

toward chloroacetanilide herbicide metazachlor. Hence, the reducing capabilities of GO were proved to be applicable for in-

situ synthesis of metal nanoparticles with the highest possible simplification and the as-prepared nanomaterials could be 

employed for fabrication of different electrochemical sensors. 

 Keywords: graphene oxide, silver, nanoparticles, chloride, voltammetric sensors 

 

1. Introduction 

Metal and metal oxide nanoparticles has been recently 

recognized as potent and versatile catalysts and 

electrocatalysts due to their unique physical, electrochemical 

and optical properties [1-3]. Therefore methods for their 

reproducible, fast and cheap synthesis have been sought. Most 

metal nanoparticles are synthesized via bottom-up method 

relying on reduction of Men+ ions in solution to Me0 atoms 

which assembly into nanoparticles. Their shape and size are 

determined by different parameters of the synthesis, i.e. pH, 

temperature, reaction time, reactant concentrations and so on. 

The same implies also for silver nanoparticles (AgNPs) which 

can be prepared by reduction of AgNO3 by hydrazine hydrate 

[4], sodium borohydrate [5, 6] – both strong but rather 

hazardous reducing agents, by plants-derived compounds [7] 

or other “bio-inspired” reducing agents including saccharides 
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[8] or living bacteria cells [9]. Also photochemical or 

electrochemical approaches have been reported [10, 11]. 

Apart from these, a “classical” Turkevich method is employed 

very often employing sodium citrate for reduction of gold [12, 

13] and silver [14] ions because of its feasibility and 

environmental suitability (basically no toxic waste are 

produced).   

Besides liquid phase synthesis, AgNP and other metal 

nanoparticles can be also synthesized on some solid substrate 

including graphene and its derivatives, e.g. graphene oxide 

(GO). GO is a nanomaterial comprising of one-atom thin two 

dimensional crystals of highly ordered carbon with structure 

disturbed by carboxyl, hydroxyl, epoxy and similar oxygen 

moieties resulting from the oxidation process [15]. It makes 

GO particles easy-to-handle, flexible, hydrophilic and 

introduces partial negative electrical charge which is known 

to be behind a good affinity of Men+ ions towards GO. The 

latter effect leads to larger number of the synthesized 

nanoparticles attached to the GO surface. It has been 

confirmed that the Turkevich method can be also used for 

synthesis of AgNPs attached to the GO surface [16, 17].  

In 2002 Choi et al. reported spontaneous reduction of 

AuCl4
- on sidewalls of single-wall carbon nanotubes [18]. 

This work gained some attention and later GO was employed 

in similar synthesis of Pd, Au or Ag nanoparticles [19-21]. The 

spontaneous reaction is believed to be driven by difference in 

redox potentials of GO (which is +0.48 V vs. SCE) and redox 

potential of metallic ions. This principle was proven to be 

applicable for synthesis of Rh, Pd, Cu and Au nanoparticles 

[22, 23] and also for a synthesis of AgNPs [20]. However, the 

described methods relied mostly on increased temperature 

and/or alkali environment (NaOH addition), as reported by 

many authors [21, 24-31]. It is believed that under alkaline 

conditions GO´s edge hydroxyls can be “activated” (ionized 

to semiquinone) which is how GO can be turned to a reducing 

agent (see, for example, [32-34]). But, obviously, such 

“activation” is not necessarily needed for running of the 

described redox reaction [27] with the conjugation system in 

graphene oxide being the proposed “alternative” electron 

donor [20]. 

It is also agreed that GO´s carboxyls are ionized under 

neutral conditions [35] and offer increased number of bonding 

sites for metal cations, including Ag+ [34]. Other authors 

suggested that hydroxyl groups may play more important role 

in the nucleation [20]. 

AgNPs synthesized on surface of graphene-derived 

nanoparticles exhibited electrocatalytic properties. For 

example Kaur et al., 2013, reported enhanced electrocatalysis 

of ascorbic acid, tryptophan and other small molecules using 

electrode modified by the reduced graphene oxide with 

synthesized Ag nanoparticles (reduction of both GO and Ag+ 

was triggered by addition of NaOH) [28]. Furthermore, 

electrodes made of silver or modified by silver nanoparticles 

or nanowires can be also used for halide ion sensing because 

of known capability of Ag to spontaneously form complexes 

with Cl-, I-, Br- and F-. These complexes can be 

electochemically oxidized, providing voltammetric (cyclic 

voltrammetry, differential pulse voltammetry…) analytical 

signal [36-46]. 

In our work the fabrication of GO_Ag nanohybrid has been 

further simplified, that is, the reduction of Ag+ was performed 

at room temperature and without any additional agents, only 

with GO. Under these conditions silver was incorporated onto 

GO nanosheet surface, forming GO_Ag nanohybrid with a 

clear voltammetric response ascribed to oxidation of Ag and 

reduction of the formed silver oxide. After characterizations, 

the prepared GO_Ag nanohybrid has been employed for 

voltammetric detection of chloride with an observed linear 

response between 0.25 and 10 mM of Cl- in phosphate buffer 

and it was also employed for detection of FeCl3 (commonly 

used coagulation agent in water treatment processes) in tap 

water and the voltammetric response toward a 

chloroacetanilide pesticide was also successfully recorded. 

Interestingly, a good performance in Cl- detection was 

achieved when GO_Ag has been kept non-reduced, the 

voltammetric response was recorded despite the low 

conductivity of GO. The obtained results can be further 

employed in development of reliable, high-performance, 

robust and stable detection devices for possible industrial or 

commercial use. To the best of our knowledge such 

achievement has been reported for the first time. 

2. Materials and methods 

2.1 Reagents 
Graphene oxide (GO; aqueous dispersion 4 mg mL-1, 

Graphene Laboratories Inc., USA); all other chemicals were 

of analytical grade, supplied by Lachema, Czech republic, or 

Penta Chemicals, Czech republic.  

2.2 GO_Ag preparation and modification of 

electrodes 
Typical GO_Ag samples have been prepared by simple 

addition of 2.4 mL of GO (4 mg.mL-1) into 90 mL of deionized 

water (DW) followed by a drop-wise addition of 1.2 mL of 

100 mM AgNO3 (aqueous solution). To some samples also 1.2 

mL of 100 mM citric acid as the reducing agent was added, in 

such cases the synthesised nanohybrid is denoted to as 

GO_Ag_C. The mixture was stirred at room temperature, in 

dark, using magnetic stirrer for 2 h, unless stated otherwise. 

After the incubation, the mixture was centrifuged (30 min, 

11500 RPM), supernatant was discarded, the precipitate was 

resuspended in DW and the centrifugation was repeated. Total 

number of centrifugation steps was 3. The precipitate after the 

last centrifugation was dried in the oven at 60°C. From the 

obtained powder an aqueous dispersions containing 1 mg.mL-
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1 GO_Ag were prepared using 30 min ultrasonic dispergation. 

10 L (unless stated otherwise) of dispersions was drop-casted 

on surface of pre-cleaned (mechanical polishing using 

alumina paste and ultrasonic cleaning in DW) glassy carbon 

electrodes (GCE; geometric surface area of 0.07 cm2; BASi, 

USA). After drying out (room temperature, free atmosphere), 

the GO_Ag formed a stable film on GCE surface which could 

be observed by naked eye.  

2.3 Material characterization 
UV-VIS characterization was performed by a 

spectrophotometer UNICAM UV500 (Thermo Scientific). 

Diluted aqueous dispersions of GO_Ag were measured in 

quartz cuvettes using wavelength range of 200 to 600 nm. X-

ray diffracion (XRD) spectra were obtained by X´PertPRO 

(Malvern PANanalytical, Netherland) device with Cu K1 

primary X-ray source of  = 0.15406 nm. Samples were 

prepared by pipetting GO_Ag dispersions on microscopic 

glass and consequent drying under the same conditions as in 

the case of GCE modifications. The same way of sample 

preparation was used also for atomic force microscopy (AFM) 

characterization, which was performed using Bruker 

Dimension ICON (Bruker Corporation; US) equipped with a 

ScanAsyst-Air probe with a resonant frequency of 70 kHz and 

a stiffness constant of 0.4 N m-1 (Bruker Corporation; US). For 

measurements PeakForce Tapping method was chosen. 

Transmission electron microscopy (TEM and high resolution 

TEM – HR-TEM) images were obtained by JEOL JEM 2100 

device equipped with a LaB6 cathode and using the 

acceleration voltage of 200 kV. Infrared (FTIR) spectra were 

collected using Nicolet iS10 (Thermo Scientific, USA). The 

sample preparation for FTIR is described in the appropriate 

section. X-ray fluorescence (XRF) measurement were 

performed on spectrometer ElvaX (Elvatech, Ukraine) by 

placing as-prepared material without any treatment into the 

equipment´s sample holder. Atomic absorption spectrometry 

was performed using ContrAA 800 D device (Analytik Jena 

AG, Germany) after leaching silver from the known amount 

of the prepared material into 25 mL of 5% HNO3. For 

collection of X-ray photoelectron spectra (XPS) a Thermo 

Scientific K-Alpha compact XPS system (Thermo Fisher 

Scientific, UK) equipped with a micro-focused, 

monochromatic Al K X-ray source (1486.68 eV) was used. 

Pass energy of 50 eV was used for the narrow regions 

measurements and surface etching was achieved with Ar flood 

gun for 10 s. 

2.4 Electrochemical characterization 
All measurements were made in glass measuring vessel 

filled with an electrolyte (indicated in the figure captions) and 

using three-electrode connection with a Pt plate (Metrohm, 

Switzerland) and modified GCEs electrodes as counter and 

working electrodes, respectively. Ag/AgCl/3 M KCl electrode 

(Metrohm, Switzerland) was used as the reference electrode. 

It should be noted that there can probably be some leakage of 

Cl- ions from the electrode which may bias the measurement, 

but the electrode junction was well-sealing and no bias were 

observed. PGSTAT101 (Metrohm, Netherland) and ZIVE 

SP1 (WonATech, Korea) potentiostat/galvanostats were used 

for voltammetric and EIS measurements, respectively. 

To prepare electrodes denoted to as GCE|ErGO_Ag or 

GCE|ErGO_Ag_C, previously prepared electrodes 

GCE|GO_Ag or GCE|GO_Ag_C have been treated 

chronoamperometrically in the above-described 

electrochemical cell under the following conditions: 

electrolyte 100 mM phosphate buffer, pH 7 (PB), potential -

1.4 V, reduction time 15 min. No aeration, deaeration or 

stirring of the electrolyte was performed. 

3. Results and discussion 

3.1 Spectroscopic and microscopic characterization 
UV-VIS spectrophotometry of aqueous dispersions of the 

GO_Ag revealed absorption peaks at 230 nm and at about 308 

nm (figure 1 A), which is typical for graphene oxide [28, 47], 

namely for * transitions of C=C bonds in graphenic rings 

and C=O bonds, respectively [48]. The above-mentioned and 

many other studies have also reported an emergence of an 

absorbance band at about 400 nm in presence of AgNP [47, 

49], however, these peaks were not observed in our case. It 

was  reported for example by Pasricha et al. that silver 

nanoparticles with “activated surface plasmons” could be 

synthesized only under alkaline conditions [32] which is not a 

case of the current work. Certainly, pH is what matters here 

since the typical surface plasmon resonance peak emerge at 

higher pH [34]. Indeed, it was reported that silver 

clusters/nanoparticles synthesized on GO surface do not 

necessarily exhibit the distinguishable absorbance peak, 

instead AgNP is displayed as the higher “background” of the 

absorbance spectrum [50]. Lower diameter of spherical 

nanoparticles also decreases the absorption cross-section [51] 

and, last but not least, net amount of AgNPs in the bulk 

GO_Ag nanomaterial is quite low. Another result of the UV-

VIS characterization is that both GO_Ag and GO_Ag_C 

spectra retained their “GO-like” features, suggesting that any 

change in GO composition induced by reaction with Ag+ has 
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not involved C=O and C=C bonds. More details, however, 

were offered by FTIR results. 

FTIR measurements were performed on the GO, GO_Ag 

and GO_Ag_C dispersions drop-casted on Al foil and dried 

under normal atmospheric pressure, room temperature. From 

spectra in figure 1 B it can be seen that both GO and GO_Ag 

prepared without the reducing agent exhibited a broad 

absorption band between 3000 and 3700 cm-1 assigned to 

adsorbed water and a peak at 1632 cm-1 assigned to non-

oxidized, sp2 hybridized C=C [20, 52]. Their unchanged 

position in the GO_Ag sample suggests that these parts did not 

undergo any change/reaction during incorporation of silver. 

On the other hand, other bands were significantly shifted 

which points to electrostatic interaction of GO´s active groups 

with Ag+. Namely, band assigned to C-O bond in 

alkoxy/epoxy groups [48, 52, 53] was shifted from 1083 to 

1070 cm-1 in case of GO_Ag and further to 1050 cm-1 at 

GO_Ag_C. Small peak assigned to C=O in carboxyls [47, 54, 

55] shifted from 1707 to 1730 cm-1 as well as a peak at about 

1400 cm-1 assigned to hydroxyl moieties of GO structure [52] 

also shifted towards lower wavenumber values after 

incubation with Ag. This shift was even larger in case of 

GO_Ag_C. These results suggest that Ag+ ions may be 

electrostatically anchored to oxygen moieties of GO 

nanosheets. To achieve more information, the obtained spectra 

should be normalized to the absorption band which is 

supposed to be attributed to a bond contained in all samples. 

For this purpose 1632 cm-1 band corresponding to C=C bonds 

[20, 48, 52] was chosen and, after the normalization, 

substantial decrease in alkoxy region was observed together 

with a decrease in a hydroxyl absorbance band around 1400 

cm-1 and a slight increase could be observed at 1730 cm-1. 

Similar trend was observed also for GO_Ag_C sample, 

although the decrease of both surface hydroxyls and 

alkoxy/epoxy moieties was smaller than in the absence of 

citric acid. It would be reasonable to assume that Ag+ is 

captured by hydroxyl/carboxyl moieties, which is in 

agreement with the mechanism proposed before [20, 32, 54]. 

In addition, the observed diminish of alkoxy/epoxy groups is 

a result of Ag+-induced hydrolysis to hydroxyls. It is probable 

that these newly formed groups have also capability to bond 

Figure 1:  A) UV-VIS spectra of GO_Ag_C (black), GO_Ag (red) and 
GO (blue); B) FTIR spectra of GO (black) and GO_Ag (red) and 
GO_Ag_C (blue) normalized to the intensity at 1632 cm-1 and with 
the highlighted relevant absorption bands; C) TEM and HRTEM 
(inset) images of GO_Ag nanoparticles, two places of the same 
sample. Scale bars are indicated in the images. 

Scheme 1: The proposed mechanism of synthesis of silver 
nanoparticles in absence (GO_Ag) and presence (GO_Ag_C) of citric 
acid. 
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Ag+, which is why they do not display themselves as the 

increase in the respective absorption band. This bond may also 

involve electron transfer, that is, alkoxy/epoxy may serve as 

electron donating moietis, as suggested by Wang et al. [56]. 

XRD is a method for determination a structural properties 

of ordered materials, including silver nanoparticles where a 

peak at Bragg angle 2 = 40° has been reported by many 

authors indicating Ag atoms packed regularly in the formed 

nanoparticles [28, 40]. Interestingly, no such peak has been 

observed at GO_Ag and GO_Ag_C (figure S1 A). Possible 

explanation is that Ag atoms are arranged in smaller clusters 

which are below determination level of the used XRD tool, 

which is also supported by a recent study [48]. XRD peaks at 

2 of 10.47 and 11.33° have been observed for GO_Ag and 

GO_Ag_C, respectively. They can be attributed to ordered 

arrangement of GO material [28, 40, 52, 57]. From Bragg 

equation  = 2 d sin (wavelength  for the given instrument 

setup is 0.15406 nm and sin can be calculated from the 

position of the given XRD peak), lattice size d, or the distance 

between two adjacent basic units that form the regular 

structure, can be calculated. Obtained values of d = 0.84 and 

0.78 nm for GO_Ag and GO_Ag_C, respectively, suggested 

that without the reducing agent slightly larger space is kept 

between individual GO_Ag layers than between GO_Ag_C, 

which may be attributed to at least some mild reduction caused 

by citric acid. Other XRD investigations of GO reduction [28, 

40] have confirmed results achieved here, because it has been 

reported that after the efficient GO reduction the distance 

between individual sheets decreases to approximately 0.3 – 

0.4 nm [53, 58, 59]. XRD spectra also allowed for calculation 

of an average domain size using Scherrer formula s = K 

/cos where s, K and  stands for a mean domain size, a 

shape factor (0.9) and a broadness of the peak in half its 

maximum intensity (FWHM) in radians, respectively. For 2D 

materials the calculated s values can be used for estimation of 

numbers of adjacent layers stacked together if the diffraction 

peak originates from the waves reflected from the plane 

parallel to the stacked sheets and if the d spacing between the 

sheets is known. Sizes of 89.7 and 47.1 nm were calculated for 

GO_Ag and GO_Ag_C, which corresponds to approximately 

107 and 60 layers, respectively. This is much more than values 

reported elsewhere [53, 58, 59], but it must be taken into 

account that the GO_Ag and GO_Ag_C samples were in a 

form of a solid film. This arrangement obviously strongly 

enhanced the stacking of individual nanolayers. 

To confirm the presence of silver in the prepared 

nanohybrid, XRF analysis of the synthesized material in the 

form of powder was performed. Measurements revealed XRF 

peak attributed to silver in GO_Ag, while no sign of it was 

observed in spectrum of GO measured for comparison. The 

spectra can be seen in figure S1 B. Because this method could 

not return the bulk silver concentration, another approach was 

used where GO, GO_Ag and GO_Ag_C were leached in 25 

ml of 5% HNO3 for 30 min. Then mixtures were filtered and 

obtained liquid phases were fed to flame atomic absorption 

spectrometer (AAS). The results revealed that GO_Ag 

contained 0.196±0.002 % (w/w) of Ag. Similar value 

(0.239±0.004 %) was revealed for GO_Ag_C while GO 

without silver, measured for comparison, revealed negligible 

Ag amount (0.01 %). 

The redox state of silver in GO_Ag and GO_Ag_C was 

determined by XPS. For both samples a peak doublet at 

binding energy of 368.2 eV and 374.3 eV were observed 

(figure S1 C), typical for zero-valent silver [60]. On the other 

side, the main peak exhibited full width at half maximum 

(FWHM) parameter of 1.22 (GO_Ag) and 1.28 (GO_Ag_C) 

which is more than 1.12 reported for Ag(0) and is closer to 

1.22 reported for Ag(I) [60]. It may be concluded that silver in 

both GO_Ag and GO_Ag_C is partially oxidized, supposingly 

as a result of exposition of the synthesized nanomaterials to 

air. Further evaluation of C1s peaks (figure S1 D) revealed 

significant portion of sp3-hybridized C (typical for graphene 

oxide) as well as sp2 carbon hybridization typical for reduced 

forms of GO. The latter form became prevalent after the 

surface etching which is a result of the GO reduction caused 

by ion bombardment [61] during the procedure. That the 

GO_Ag and GO_Ag_C have retained the oxidized form of 

graphene is obvious also from the oxygen content, that is, 30.1 

and 30.8 % for the GO_Ag and GO_Ag_C, respectively, 

which is dropped to approximately 10% after the etching. 

From survey scans also Ag concentration was determined for 

GO_Ag and GO_Ag_C to be 1.22 and 0.57 atomic percent, 

respectively. These values are higher than the ones observed 

by AAS after the acidic leaching obviously because XPS 

provides information about the surface composition instead of 

the bulk one. It can be concluded that some GO sheets are 

certainly stuck together without AgNPs grown between them. 

TEM revealed presence of high density nanoparticles on 

the GO surface (see figure 1 C and figure S2). For GO_Ag 

mostly small regular nanospheres with approximated diameter 

of about 5 nm were observed, but also larger particles (figure 

1C inset), up to approximately 20 nm. It also revealed fringes 

with spacing of 0.21 nm. This is close to a value reported for 

Ag(200) crystaline lattice [40]. It should be noted most of the 

HR-TEM spotted nanoparticles shown regular fringes 

pointing to high monocrystalinity. The larger clusters were not 

so obvious at GO_Ag_C samples (figure S2). It is reasonable 

to speculate that the observed difference in nanoparticle size 

is responsible for observed divergences in electrochemical 

properties (discussed later), mainly because of different active 

surface area of silver nanoparticles. Furthermore, it can be 

seen that number of nanoparticles is not very high, in 

comparison with other reports [9, 32]. Another fact inferred 

from the measurement is that the graphene oxide treated 

without any additional agents has been defragmented into 

some smaller debris (see figure S2). 
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Atomic force microscopy (AFM) analysis also revealed 

presence of small nanoparticles on GO surface, both with and 

without the employment of reducing agent. Profiling the 

obtained images have revealed the height of the observed 

patterns to be approximately between 1 and 2.5 nm (see inset 

profiles in figure S3). To obtain more details, grain analysis 

software tool was employed, as described in the 

Supplementary Information file. By such analysis mean grain 

size for GO_Ag_C was found to be 3 nm whereas for GO_Ag 

it was 5.8 nm. Frequency count analysis of grain size 

distribution have found that there are two main peaks in the 

size distribution curve for GO_Ag_C while curves for GO_Ag 

tend to be less broad, but their peaks differ between particular 

samples (figure S4). These results accomplish the ones 

obtained by TEM where features of size of approximately 

unites of nanometers are spotted as well as object up to 10-20 

nm in diameter. These results are in agreement with other 

experiments where authors claimed that reaction of Ag+ with 

GO containing numerous oxygen moieties leads to formation 

of higher amount of smaller nanoparticles instead of smaller 

amount of larger ones [20]. 

All the results described above suggest the mechanism of 

silver nanoparticle synthesis which is illustrated in the scheme 

1.  

3.2 Electrochemical response of GCE|GO_Ag 
In first experiment series GCE electrodes modified by 

GO_Ag nanomaterials were tested using cyclic voltammetry 

(CV) with a 100 mM phosphate buffer pH = 7 (PB) as a 

supporting electrolyte. From figure 2 it is obvious that 

electrochemically active silver is present in the material 

modifying the electrode surface while a GO treated without 

AgNO3 provides no electrochemical signal under the given 

conditions. In accordance with other studies it can be expected 

that anodic voltammetric peak can be attributed to oxidation 

of silver (Ag  e- + AgXOY) while the cathodic waves 

represents reduction of the formed silver oxides [41, 42]. 

These measurements also revealed few other facts: i) the silver 

moiety can be oxidized and reduced both in the presence and 

absence of chloride ions, but the presence of Cl- (4.75 mM) 

shifted the oxidation peak to significantly lower values (by 

186±6 mV). This is because formation of AgCl complex 

which is oxidized at lower potential – see discussion in 

subsequent sections; ii) both oxidation and reduction peaks 

decreased after several CV scans; iii) shapes of the peaks at 

first few scans suggested a presence of different redox states 

of silver in GO_Ag. It is reasonable to expect a difference 

between first CV scan and the consecutive ones since the 

modified electrodes are exposed to oxygen in free air which 

may oxidize a portion of the Ag nanoparticles. 

The above results as well as their comparison with 

measurements performed with GCE|GO_Ag_C electrodes 

(data not shown) indicated that the GO_Ag nanohybrid 

prepared without any reducing agent exhibited similar 

electrochemical features as graphene-Ag nanocomposite 

prepared with citric acid as a reduction agent described in the 

literature [40]. Similar decrease in both oxidation and 

reduction peak was observed also by Bhat et al., 2015 [30] 

and, interestingly, Chiu et al. (2009) [43] investigated a 

detection of halide by a silver electrode, however they claimed 

no redox peak were observed without a Cl- addition. On the 

other side Zhang et al. (2016) [62] reported electrochemical 

oxidation of silver nanoparticles producing a distinctive 

oxidation peak, which was decreased after addition of Cl-. 

Such behavior is explained in the term of competitiveness 

between oxidation of Ag and oxidation of AgCl complex 

which is easily formed in presence of chloride in the solution 

and typically applied in electrochemical halide detection [36, 

40, 43]. The achieved results are also in accordance with 

studies where occurrence of both peaks (i.e. oxidation of silver 

to silver oxide and formation of AgCl complex) on one 

voltammetric scan has been observed [41, 42].   

3.2.1 Preparation conditions and electrochemical 

reduction 

In other sereies of electrochemical measurements an initial 

concentration of reactants was investigated using CV. In 

figure 3 A voltammograms are shown for GCE electrodes 

modified with GO_Ag_C nanoparticles prepared with 

different initial concentration of AgNO3. Obvious increase of 

peaks ascribed to reversible oxidation and reduction of silver 

in absence of chloride was observed with increased AgNO3 

concentration. This is an expected result of possible deposition 

of higher amount of silver on GO surface. 

To assess the incubation time influence four batches of the 

GO_Ag nanomaterial were prepared using 10 min, 1, 2 and 7 

h of stirring GO and AgNO3 containing solution. Figure 3 B 

reveals that silver oxide peak heights increased with the 

incubation time up to 2 h, where they reached their maximum 

and 7 h incubation has not provided any better results. In all 

cases substantial drop in peak potential was observed after Cl- 

addition suggesting that AgCl was successfully formed in all 

cases. It can be assumed that, under the given conditions 

(especially temperature and AgNO3 concentration), 

integration of the two components, that is, GO and Ag+, 

proceeds successfully, but the longer incubation leads to some 

form of degradation of the formed structure or unwanted 

aggregation of the nanoparticles. Therefore 2 hours were 

chosen as an acceptable time of preparation. 

As another step in the electrochemical characterization, 

voltammetric (SWV) response to chlorides was measured 

using GCE|GO_Ag and GCE|GO_Ag_C electrodes as well as 

the ones that were electrochemically reduced before the 

measurement (GCE|ErGO_Ag and GCE|ErGO_Ag_C). 

Measurements (Square wave voltammetry, SWV) were 

typically performed in PB before and after an addition of 5 

mM KCl. Here it is important to note that the upper limit of 

the voltage range applied during SWV scans was set to be 
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below the voltage at which Ag oxidation was observed. Hence 

the direct Ag oxidation is avoided which may have positive 

effect on stability and reproducibility of the observed 

voltammetric signal.

 

 

 

Figure 2: A) CV of GCE|GO_Ag in PB, 1st (black solid), 3rd (black 
dashed) and 6th (black dot-dashed) scan compared to the same 
electrode measured after addition of 4.75mM KCl (blue solid). B) 
GCE|GO_Ag electrode measured in PB containing 4.75 mM KCl (3rd 
scan – blue solid) compared to response of GCE|GO measured in PB 
(black) containing 4.75mM KCl (red). C) GCE|GO_Ag electrode 
measured in PB containing 4.75mM KCl (1st scan – dashed; 3rd scan – 
solid; 6th scan - dotted). Scan rate was 100 mV.s-1. 

Figure 3: A) CVs of GCEs modified with GO_Ag_C prepared with 
initial concentration 0 (black), 0.33 (blue) and 1.28 (black) mM 
AgNO3. Measured in PB, scan rate 100 mV.s-1; B) Peak heights of 
GCEs modified by GO-Ag prepared using different incubation 
times (indicated in the graph) with and without citric acid (also 
indicated in the graph). CVs were recorded in presence of 4.75 
mM KCl (stripped black pattern) and in pristine PB (cyan). In all 
cases 3rd CV scans are shown. 

Figure 4: Illustrative SWV voltammograms of electrodes modified 
with GO_Ag (black solid), ErGO_Ag (black dashed), GO_Ag_C (blue 
solid) and ErGO_Ag_C (3rd SWV - blue dotted and 5th SWV - blue 
dashed). Measured in PB containing 5 mM KCl, with parameters: 
deposition time 30 s and potential -0.6 V, frequency 25 Hz and 10 
mV modulation amplitude. 
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It was observed that ErGO_Ag_C provided a peak height 

of tens of A but, without the reduction, only 26±6 A was 

measured. These values looks quite satisfying, but the 

measurements suffered from low stability - when several 

consecutive SWV measurements were performed, a 

significant peak height decrease was observed (figure 4). The 

situation is quite reversed when GO_Ag was employed; after 

reduction (i.e. GCE|ErGO_Ag) only 4±1 and 5±2 A were 

recorded at first and fifth SWV measurement, respectively 

(figure 4), but without the reduction (GCE|GO_Ag) quite 

stable response of 37±8 A could be observed. The cause of 

higher response without the electrochemical reduction points 

out to the fact, that the AgCl formation and/or oxidation is 

most probably surface-confined in a way that it is not hindered 

by GO´s low conductivity. On the contrary, GO in this case 

seems to decrease capacitance current, hence the AgCl 

oxidation peak can be more visible. In another words the 

reduction-driven capacitance makes the discussed peak 

“buried” and less visible. It should be also noted here that 

significant increase in surface conductivity after the 

electrochemical reduction was observed with the use of 

electrochemical impedance spectroscopy (figure S5).   

3.3 Determination of chlorides 
Next step was to apply the prepared GO_Ag nanohybrids 

in chloride sensing. It was performed by SWV measurements 

in PB containing 0.25 – 10 mM Cl-. When GO_Ag was 

investigated (figure 5), the calibration line slope of 8.52±1.46 

(A.mM-1) and the intercept of 1.59±0.23 was observed, but 

only in a concentration range of 0.25 – 2.5 mM. Better results 

were obtained when nonlinear fitting was applied. Namely, 2nd 

order polynomial function in the concentration range 0.25 – 

10 mM (figure 5) returned an equation of I (A) = -1.04±0.84 

+ 11.6±3.3 x c (mM) – 0.73±0.32 x c2. It was also observed 

that the peak potential depends on the chloride concentration, 

in agreement with other studies [37, 44]. The potential shift is 

based on Nernst´s equation and, given by the net reaction Ag0 

+ Cl-  AgCl(s) + e-, it can be inferred that the reaction 

potential will be dependent on logarithm of Cl- concentration 

[37]. That was experimentally demonstrated and calibration 

curves were constructed as semilogarithmic plots of log c 

(mM) versus the peak potential. By this approach the 

calibration equation E (V) = - 0.059±0.004 x log c + 

0.263±0.002 was obtained for a concentration range of 0.1 – 

10 mM Cl- (figure 5) with a lower data scattering compared to 

the calibration method employing the peak height. 

A significant difference was observed when the employed 

electrodes were reduced before the measurement. From figure 

5 it is obvious that such electrodes exhibited much lower 

sensitivity towards Cl-. Two linear regions were observed, that 

is, from 0.25 to 1 mM and from 2.5 to 10 mM, with linear 

regression equations of I (A) = -0.151±0.037 + 2.99±0.04 x 

c (mM) and I (A) = 3.22±0.18 + 0.86±0.04 x c (mM), 

respectively. Interestingly, when the peak potential was used 

for calibration evaluation, the results were even better. Linear 

regression with equation of E (V) = - 0.077±0.002 x log c + 

0.286±0.004 was obtained.  

For the obtained calibration curves limits of detection were 

also calculated using 3-fold standard deviation of the response 

achieved at zero concentration as the base for the calculation. 

Achieved values of LOD are given in the table 1 where they 

are compared with other silver nanoparticle-based 

electrochemical chloride sensors published elsewhere. It can 

be concluded that the reached limit of detection and the 

detection range were not better than most of the published, but 

they can quite match in terms of LOD. 

To explore possible real sensing applications of the 

fabricated GO-Ag nanomaterial, a voltammetric response 

towards FeCl3 (a common coagulation agent employed in 

water treatment [63]) was investigated in a tap water amended 

with a supporting electrolyte (0.1 M PB or 0.1 M Na2SO4) and 

SWV measurements were performed with addition of 0, 1, 2 

and 3 mM FeCl3 (see figure S6). As expected, AgCl oxidation 

peaks appeared at about 200 mV in all cases. Both their height 

and area were in a linear correlation with the FeCl3 

concentration. When sodium sulphate was used as the 

supporting electrolyte the linear functions I (A) = 1.04x10-6 x 

Figure 5: Calibration curves of GCE|GO_Ag (blue) and 
GCE|ErGO_Ag (black) obtained from peak heights (A) and peak 
positions (B) read from SWVs in 100 mM PB, pH 7 containing the 
required concentration of KCl. 
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c (mM) + 1.88x10-5 and A (A.s) = 5.88x10-7 x c (mM) + 

1.46x10-6 were observed for peak height (I) and peak area (A), 

respectively. On the other side when phosphate buffer was 

used equations of I (A) = 7.50x10-6 x c (mM) + 1.69x10-5 and 

A (A.s) = 6.51x10-7 x c (mM) + 3.61x10-7 were observed for 

peak height and peak area, respectively. From substantially 

higher sensitivity in the latter case, i.e. 7.50x10-6 compared to 

1.04x10-6 it can be concluded that the phosphate buffer 

environment increased the operational properties of the 

GO_Ag sensor in tap water samples. These results were 

obtained despite coagulation of phosphate in presence of Fe3+ 

which could be observed by naked eye. 

3.4 Influence of pH and other halide ions 
Interfering reactions of other halides and other ions were 

also investigated employing SWV in PB containing Cl- (1 

mM) and other ion(s) including I-, Br-, F-, Cu2+, CO3
2-, NH4

+ 

and CN-. It was found that the presence of ammonia and 

fluoride ions (2 mM of ammonium fluoride) as well as of 

copper and carbonite (2 mM CuCO3) and iodide (2 mM KI) 

has not had a significant influence on the chloride ion 

detection, as can be seen from illustrative voltammograms in 

figure S7 A (note that peak heights were obtained using 

“exponential baseline” option in NOVA 2.1 software). On the 

contrary, slight chloride peak height increase was observed in 

presence of CuCO3, KI and NH4F (peak heights are 116±29 

%, 103±35 % and 118±15 %, respectively, relative to the 

signal measured in presence of only 1 mM KCl). It can be 

probably ascribed to a higher ionic strength and conductivity 

of solutions with added ions. Some interferences were 

observed in case of Br- presence where the chloride peak 

height reached only 65±31% of the initial response without 

interfering ions. The largest interferences were observed with 

CN- ions, which agrees with the fact that CN- also forms 

complex with Ag [36, 64]. On the other side, presumable AgCl 

oxidation peak is still observed, from which it can be 

concluded that the formation of AgCl occurs even in the 

presence of Br- and CN-, but these ions compete for the Ag 

nanoparticle surface. Also, overlapping of the voltammetric 

peaks makes precise evaluation quite difficult. 

Table 1: Selected operational properties of diverse electrochemical 

chloride sensors employing silver nanoparticles 

Electrode 

modification[a] 

Method Linear range LOD 

(M) 

ref. 

QG@MA-Ag NW conductivity 0.25 M – 250 

mM 

0.16 [44] 

AgNP in CP DPV 0.005 – 0.5 mM 0.5 [45] 

Ag ink-printed PE CV up to 200 mM 1000 [46] 

AgNP on SPE CV 2 – 40 mM NA [42] 

RGO-DNA-AgNP DPV 1 M – 1 mM 0.2 [39] 

GR-AgNP CV 0.5 – 50 mM 61 [40] 

PtE-AgNW CV 0.2 – 20.2 mM 20 [36] 

Ag ink-printed SPE CV 0.1 – 20 mM 18.8 [43] 

AgNP on Gore-Tex® CV 3 – 100 M 2.25 [41] 

AgNP@SWNT/AuNL/M

B-DNA  

DPV 1 – 300 mM NA [37] 

GO-AgNP SWVa 0.25 – 2.5 mM 81 this 

work 

SWVb 0.25 – 10 mM 220 

SWV_E 0.1 – 10 mM 79 

ErGO-AgNP SWVa 0.25 – 1 mM 37 

SWVa 2.5 – 10 mM 630 

SWV_E 2.5 – 10 mM 174 

[a] Height of SWV peaks, linear fitting. [b] Height of SWV peaks, 

nonlinear fitting. 

QG - hollow Q-graphene; MA – melamine; AgNW – silver 

nanowires; AgNP – silver nanoparticles; CP – carbon paste electrode; 

PE – paper electrode; SPE – screen printed electrode; RGO – reduced 

graphene oxide; GR – graphene; PtE – platinum electrode; SWNT – 

single wall carbon nanotubes; AuNL – gold nanoleaves; MB – 

methylene  blue; SWV_E - potential of SWV peaks, linear fitting. 

In the next step influence of pH was investigated on GCEs 

modified by GO_Ag using SWV performed in PB buffers of 

pH of 4, 6 and 8 in presence of 1 mM KCl. Interestingly, it 

was found that the AgCl oxidation peak potential was more or 

less identical in pH 4 and 6 (261±6 and 267±12 mV, 

respectively). On the other hand the peak height was higher at 

lower pH (8.68±0.12 A at pH 4 and 4.85±0.84 A at pH 6). 

When pH was increased to 8 the peak pattern has obviously 

changed. It shifted to higher potentials and split into two peaks 

while the peak height kept increasing which can be attributed 

to presumable coordinating activity of OH- ions towards the 

silver. Illustrative SWV voltammograms can be seen in figure 

S7 B. From the obtained results it can be said that there is not 

equivalent number of protons and electrons exchanged during 

AgCl oxidation. 

3.5 Response to metazachlor 
To broaden the possible applications of the synthesized 

GO_Ag, it was also tested as an electrocatalyst for cathodic 

reduction of chloroacetanilide pesticide metazachlor. It was 

previously reported that silver may enhance reductive 

dechlorination of such molecules [65, 66] which was used 

mainly for degradation purposes, but sensing would be also 

possible [67]. The assessment was performed using CV in 

potential range -1.5  0 V. To avoid signal changes caused 

by GO_Ag reduction, the GCE|GO_Ag electrodes were first 

pre-treated by voltammetric cycling in negative potential. It 

was observed that after 25 scans the voltammetric signal was 

stable. The consequent measurements were also CVs, 

performed in 20 mM NaOH in absence or presence of 100 
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mg.L-1 metazachlor (Chemos, Czech republic). In figure 6 it 

can be seen that there is a cathodic feature, appearing in the 

metazachlor presence. It is not accompanied by its anodic 

counterpart which indicates that the observed process is 

irreversible, just like the electrochemical dechlorination. It 

should be also noted that this response was not observed in a 

case when GCE|ErGO electrode was used, neither when Cl-

free metezachlor metabolite (metazachlor OA, Sigma-

Aldrich) was investigated (data not shown). It can be 

concluded that, after appropriate reduction, the prepared 

GO_Ag nanomaterial can be also used for development of 

electrochemical sensors for some pesticides. 

 
Figure 6: Cathodic part of a background-corrected CV obtained with 
GCE|ErGO_Ag in 20 mM NaOH containing 100 mg.L-1 metazachlor 
(3rd CV scan, scan rate 50 mV.s-1). Inside the graph there is 
illustrated the proposed scheme of metazachlor dechlorination. 

4. Conclusion  

In this work spontaneous deposition of silver on graphene 

oxide nanosheets from AgNO3 solutions was performed 

without any additional reducing or alkalization agent or 

increased temperature, contrary to “conventional” graphene 

oxide-AgNP synthesis methods. The prepared GO_Ag 

nanohybrids were first characterized using microscopic and 

spectroscopic methods confirming the presence of AgNPs 

attached to the graphene oxide sheets which, importantly, 

retained its non-reduced state during the synthesis and 

consequent drying. Next, electrochemical characterization 

was performed which revealed anodic and cathodic peaks 

attributed to redox transformation of silver/silver oxides. Also 

a redox pattern typical for oxidation of AgCl complex was 

observed and this peak was used for determination of chloride 

concentration, employing both the peak height and peak 

position evaluation. The latter method exhibited linearity over 

0.1 – 10 mM concentration range and a detection limit of 79 

M Cl-, which was better compared to evaluation of peak 

height and when GO_Ag was reduced electrochemically.  

Finally, voltammetric response to FeCl3 in a tap water was 

investigated with satisfying results and an electrochemical 

response to chloroacetanilide pesticide metazachlor was also 

observed.  

The spontaneous deposition of Ag on graphene oxide, as 

described here, is extremely facile and fast method to obtain 

GO_Ag nanohybride with good electrocatalytical properties. 

Not only it can be synthesized with minimum expenses, also 

their electrochemical versatility is very interesting, especially 

given a low amount of silver integrated in GO_Ag. Hence 

applications described in this work may be moved further to, 

for example, development of environmental or biochemical 

sensors. 
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