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1 Additional characterization of reduced graphene oxide 

1.1 UV-vis absorption spectroscopy  

Fig. S1 shows the UV-vis spectra of the dispersions of unreduced GO and GO reduced 

with different bioreductants. The spectrum of a dispersion of graphene oxide reduced at 

95 ºC with hydrazine (2 mM, 15 min) has been added for comparison. The UV-vis 

spectrum of GO (orange plot) exhibits two characteristic features: a maximum at 231 

nm  →
*
 transitions of aromatic 

C-C bonds (max) and to n→
 

transitions of C=O bonds, respectively [ 1 ]. Upon 

reduction, the recovery of electronic conjugation in the structure causes a red-shift of 

the →
*
 absorption maximum and a significant increase in absorbance for the whole 

range of wavelengths larger than 231 nm [2]. Indeed, the absorption maxima of the 

dispersions reduced with the bioreductants display absorption maxima in the 264-268 

nm range (see Table S1). The RGO dispersion obtained with hydrazine (grey plot) 

possesses an absorption maximum at 268 nm [3]. In fact (and within the experimental 
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error of the spectrometer), 268-270 nm is the most red-shifted value obtained for 

aqueous dispersions of graphene materials, being the one obtained for, e. g., aqueous 

dispersions of pristine, unoxidized graphene obtained with the assistance of surfactants 

[4]. Taking the red-shift of max as criterion for the degree of reduction of GO, the 

weakest reducing agent would be GSH (max ~264 nm), the strongest being B2 and B2 

salt (max ~268 nm). 
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Figure S1. UV-vis absorption spectra of dispersions of unreduced graphene oxide 

(orange) and graphene oxide reduced with PN (cyan), PM (red), B2 (fluorescent green), 

B2 salt (yellow),  Arg (blue), GSH (pink), His (black), Tryp (olive green) and Glu 
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(wine). The spectrum of a dispersion of graphene oxide reduced at 95 ºC with 2 mM 

hydrazine for 15 min (grey plot) has been added for comparison. To facilitate the 

analysis of the graph, two dotted lines at  =231 nm (orange), which is the location of 

the absorption maximum for the →* transition of C=C bonds of unreduced graphene 

oxide, and at =268 nm (black), which is the most red-shifted position found for such 

maximum for highly reduced samples, have been included.  

 

 

1.2 Raman spectroscopy 

Raman measurements were made with a Horiba Jobin-Yvon LabRam instrument at a 

laser excitation wavelength of 532 nm. To avoid damage to the samples, a low incident 

laser power (~0.5 mW) was used. Raman measurements were accomplished on free-

standing paper-like films prepared by vacuum filtration of the aqueous RGO dispersions 

through alumina membrane filters 47 mm in diameter and 0.2 m of pore size 

(Whatman). 

Fig. S2 shows first and second-order Raman spectra of GO, paper-like RGO films 

obtained from RGO dispersions reduced with some selected bioreductans, and a RGO 

film obtained with hydrazine, as a reference. All these first-order Raman spectra show 

the two bands expected for any carbon material (from graphitic to amorphous carbon) 

[5]. Indeed, the first order spectrum of disordered graphite shows two main features at 

1580-1600 cm
-1

 (G band) and ~1350 cm
-1

 (D band), which are assigned to zone center 

phonons of E2g symmetry and K-point phonons of A1g symmetry, respectively [5]. Such 

modes are originated by in-plane bond stretching of pairs of sp
2
 carbons (aromatic or 

not) and to breathing of six-fold aromatic rings, respectively, and also dominate the 

Raman spectrum of amorphous carbon [5]. 
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Fig. S2. Raman spectra of unreduced GO (orange), and GO reduced with PM (red), Arg 

(blue), His (black), Tryp (olive green), and hydrazine (grey). 

 

While in perfect graphite, the D band does not appear because it is symmetry-

forbidden, the band is activated by defects in disordered graphite and thus, the intensity 

ratio of D to G band can be used as an indicator of the graphitic disorder. The ID/IG 

value for the starting material in this series (GO) is ~1.5 [2], while the corresponding 

ratio for the RGO films obtained with the bioreductants is 1.7-1.8 (see Table S1), i. e., 

there is an increased ID/IG following reduction, as has been previously reported for other 

reductions of GO [6-10]. In the case of reduction with hydrazine, it has been previously 

reported that the ID/IG ratio remains approximately constant upon reduction [2] (see 

Table S1) or increases sligthly [6]. The increase in the ID/IG upon reduction would be 
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unexpected if both GO and RGO were purely graphitic non-amorphous materials. 

However, as heavily functionalized GO must have a certain degree of amorphization 

(sp
3
 character), a non-monotonically decrease in ID/IG could be expected [2,5].  

For the sample reduced with hydrazine, two shoulders appear for bands D and G, 

at ~1200 cm
-1

 and at ~1620 cm
-1

 (known as D’ band), respectively.  These additional 

features are typical of disordered graphite and thus point to a slightly less amorphous 

structure for this material than for the rest of RGO samples. 

The second-order Raman spectra are shown in the 2300-3300 cm
-1

 range in Fig. 

S2 and, in more detail, in Fig. S3. Four well-defined features would be expected for 

common graphite: G* band (~ 2460 cm
-1

 ) assigned to a combination mode of optical 

and acoustic phonons; G´ peak (~ 2695 cm
-1

), which is the overtone of the D band (for 

this reason, it is usually referred to as the 2D band); ~2950 cm
-1

 (D+G band, a 

combination mode of the D and G bands) and ~3190 cm
-1

 (2D´ band, overtone of the D´ 

band) [11]. However, as can be seen in Fig. S3, the second-order spectra of the RGO 

paper-like films obtained with different bioreductants are very similar and consist of a 

broad band over the whole wavenumber range where three maxima can be 

distinguished. This observation points to a high degree of structural disorder in the RGO 

samples: (i) the G* band, a relatively weak but well-defined feature in highly ordered 

graphitic structures, does not appear in any of the samples as it tends to fade away 

and/or broaden in the presence of significant amounts of disorder; (ii) while the 2D 

band is the main feature for graphite, the D+G band, which is exclusively induced by 

defects and is not present in highly ordered graphite, is the most prominent feature for 
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all these RGO samples; (iii) the 2D´ peak is broader than would be expected for a 

graphitic sample, most of all for the utterly disordered GO.  
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Fig. S3. Second-order Raman spectra of unreduced GO (orange), and GO reduced with 

PM (red), Arg (blue), His (black), Tryp (olive green), and hydrazine (grey). 

 

The 2D line shape and location allows distinguishing monolayer graphene from 

few-layer graphene stacked in the Bernal (AB) configuration, and also distinguishing 

3D-ordered crystalline graphite from turbostratic graphite [12]. As the RGO paper-like 

films in this study were produced by vacuum-assisted assembly of the individual, 

single-layer sheets (see AFM images in Fig. 5 and the accompanying text in the 

manuscript) from their aqueous dispersion, the sheets are expected to be randomly piled 

over each other, leading to turbostratic stacking. Indeed, their broad, Lorentzian-shaped 

2D band centred at ~2690-2700 cm
-1

 is typical of turbostratic graphite in which the 

layers are stacked with rotational disorder [11,13]. The identification of the number of 

stacked layers by Raman spectroscopy is only well-established for AB Bernal stacking 

[12], but not for turbostratic stacking. The absence of strong electronic interlayer 

coupling makes the 2D band of turbostratic graphite similar to that of monolayer 

graphene in that it is a single Lorentzian. However, while the expected width for the 2D 
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band of monolayer graphene would be ~25 cm
-1

, it is ~45-60 cm
-1

 for these RGO 

samples, as expected for turbostratically stacked samples [12]. Furthermore, the 

expected wavenumber for monolayer graphene would be ~2680 cm
-1

 vs. ~2700 cm
-1

, 

for tusbostratic graphite. Finally, the 2D band of monolayer graphene would be 

expected to be more intense that the G band, while the opposite is expected for graphite. 

The broad, weak 2D band of the GO paper-like film prepared in this work also indicates 

turbostratic stacking. 

 

1.3 X-ray diffraction 

X-ray diffraction (XRD) was performed on a Bruker D8 Advance diffractometer using 

Cu Kα radiation (λ = 0.154 nm) at a step size and time of 0.02° (2θ) and 1 s, 

respectively. Free-standing paper-like films prepared by vacuum filtration were 

analysed by XRD. 

Fig S4 shows diffractograms of RGO paper obtained with different biomolecules 

together with those of GO and RGO paper obtained though reduction with hydrazine.  
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Figure S4. X-ray diffractograms of paper-like films obtained by vacuum-filtration of 

dispersions of unreduced graphene oxide (orange) and graphene oxide reduced with PM 

(red), B2 (fluorescent green), B2 salt (yellow),  Arg (blue), GSH (pink), His (black), 

Tryp (olive green) and Glu (wine). The spectrum of a dispersion of graphene oxide 

reduced at 95 ºC with 2 mM hydrazine for 15 min (grey plot) has been added for 

comparison. 

 

XRD provides indirect information on the reduction of the RGO dispersions, as it 

is expected that, the better the degree of reduction, the more compact the stacking of 

RGO in paper-like films should be, yielding decreased interlayer spacings. The 

diffactogram of GO shows a diffraction peak at 2~ 11°, which yields an interlayer 
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distance d002 of 0.7-0.8 nm consistent with previous reports from the literature [14] (see 

Table S1 below). The RGO papers yielded low intensity, broad 002 peaks, as previously 

found for materials obtained with a similar method [8,14]. Their d002 values were in the 

0.36-0.38 nm range, still far from 0.34 nm, the expected value for graphite. For the 

materials obtained with B2, B2 salt, Arg and Tryp, there is an additional diffraction peak 

at 2~ 9-12 °, corresponding to interlayer distances in the 0.73-0.96 nm range that is 

attributed to the presence of some residual amount of bioreductant and/or its oxidized 

form intercalated between the RGO sheets. A similar result was recently obtained when 

dextran was used as a reductant of GO [9]. In the case of B2 and B2 salt, this result could 

be anticipated from their characterization with TGA and ATR-FTIR spectroscopy (see 

main text). 

2 Comparison with previously reported RGO obtained with green reductants 

Table S1.  A comparison of RGO obtained with different green reducing agents on the 

basis of: (i) the position of the UV absorption maximum for the →
*
 transition of C=C 

bonds (max) obtained by UV-vis absorption spectroscopy; (ii) the intensity ratio of D to 

G bands (ID/IG) from Raman results; (iii) the interlayer distance d002 obtained from the 

XRD diffractograms; (iv) electrical conductivity; (v) sheet resistance (Rs). Hydrazine, a 

non green but commonly used reductant is added for comparison. N/A stands for not 

available. 

 

Bioreductant max ID/IG d002 Conductivity Rs Reference 

 (nm)  (nm) (S m
-1

) (/sq)  

None (graphene oxide) 231 1.43 0.798   2 

None (graphene oxide)     ~10
10

-10
11

 15 
Ammonia 257 N/A  3.24×10

-1
 5.33×10

5
 3 

Pyridoxine (PN) 267 N/A N/A 2.63×10
2
 8.99×10

2
 Present work 

Pyridoxamine 

dihydrochloride (PM) 

267 1.7 0.361 2.03×10
2
 7.57×10

2
 Present work 

(-)-riboflavin (B2) 268 N/A 0.356 2.16×10
-1

 1.70×10
6
 Present work 

riboflavin 5’-

monophosphate  

sodium salt hydrate (B2 

268 N/A 0.361 3.40×10
-2

 4.50×10
6
 Present work 
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salt) 

L-arginine (Arg) 266 1.8 0.369 3.92 4.52×10
4
 Present work 

L-glutathione (GSH) 264 1.8 0.377 1.31×10
2
 1.39×10

3
 Present work 

L-histidine (His) 265 1.8 0.361 3.83×10
1
 6.24×10

3
 Present work 

L-tryptophan (Tryp) 267 1.8 0.351 1.26×10
2
 3.39×10

3
 Present work 

-D-glucose (Glu) 267 1.7 0.384 5.39×10
2
 2.77×10

2
 Present work 

-D-glucose (Glu) 261 N/A N/A N/A N/A 8 

Dextran 267 1.03 0.445 1.1 N/A 9 

Melatonin N/A N/A N/A N/A 8.2×10
5
 16 

Tannins N/A 1.18 N/A 4.244×10
2
 N/A 17 

Green tea polyphenols N/A N/A N/A N/A 1.1×10
8
 18 

Green tea polyphenols in 

the presence of iron 

N/A N/A N/A N/A 3.9×10
5
 18 

Gallic acid N/A N/A 0.34 33.6 N/A 19 
Vitamin C 268 N/A N/A 7.70×10

3
 2.78×10

1
 3 

Escherichia coli N/A N/A N/A N/A 3.4x10
9
 15 

Hydrazine N/A 1.46 N/A N/A  N/A 2 

Hydrazine (optimized 

conditions) 

268 N/A N/A 9.96×10
3
   2.42×10

1
 3 

 

3 Proposed mechanisms 

The actual reaction mechanism for the reduction of GO with most reductants is still an 

open question even in the case of those most widely employed to this end (e.g., 

hydrazine) [20].As for the newly reported bioreductants, there is a great amount of 

literature on the oxidation mechanism of these bioreductants in biological media, which 

could however not apply in comparatively high temperatures (T~95 ° C) and different 

pH and in absence of specific enzymes.  The identification of oxidation products for 

such bioreductants the by high performance liquid chromatography/mass spectrometry, 

which will help to establish the actual reaction taken place, is currently being 

undertaken by us, and the results will be documented elsewhere. However, on the basis 

of what has been previously reported in the literature for other bioreductants [21,16,17], 

we suggest here possible reaction mechanisms for some of them. In what follows, GO is 
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represented by its most abundant functionalities, i. e., hydroxyl and epoxy groups in its 

basal plane. 

 

3.1 Pyridoxine (PN) and pyridoxamine (PM) 

It is expected that the oxidation of PN and PM will yield an aldehyde (pyridoxal). In the 

case of PN, the oxidation semi-reaction can be expressed as follows: 

 

PM also yields pyridoxal, as can be easily detected by UV-vis absorption 

spectroscopy, (see Fig. S5). As the compounds can be in cationic, neutral, zwitterionic 

or anionic form depending on the pH, care must be taken with this parameter. 

According to the literature, at pH=10, the anionic forms of pyridoxine and 

pyridoxamine both show absorption maxima at 245 and 310 nm while the anionic form 

of pyridoxal shows maxima at 240 and 302 nm [22]. The spectra of the filtrates of GO 

dispersions before (cyan plot in Fig. S5) and after reduction with PM (blue plot) 

correspond respectively to PM and pyridoxal. 
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Figure S5. Normalized UV-vis absorption spectra of the filtrate of a 0.1 g mL
-1

 

graphene oxide dispersion with 0.25 mM PM, before (cyan) and after (blue) heating at 

95 ° C for 8 hours. 

 

We propose a similar mechanism for the reduction of GO to those previously 

speculated in the case of hydrazine [23], vitamin C [21] and tannins [17], i. e., SN2 

nucleophilic reaction followed by thermal elimination. In the case of PN, the reaction 

pathway could be as follows for epoxy groups: 

 

And hydroxyl groups in GO: 

 

3.2 Arginine 

 

In the case of arginine, the oxidation semirreaction could be: 

 

The mechanism for the reduction of epoxy groups could be similar to the one previously 

proposed for hydrazine [23]: 
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3.3 Glutahione (GSH) 

 

Generally speaking, disulfide bonds are usually formed from the oxidation of the 

sulfhydril/thiol/SH groups (S
2-/

oxidation state 
-2

 to S2
2-

/oxidation state 
-1

): 

2 RSH → RSSR + 2H
+
 + 2e

-
 

A variety of oxidants promote this reaction including air and H2O2. GO contains 

hydroxyl and epoxy groups in its basal planes which could be reactive enough.  

In physiological conditions GSH is oxidised to glutathione disulfide (GSSG): 
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An enzyme is needed in such conditions but it might not be needed at higher 

temperatures (~95 º C in our case). Indeed, Pham et al., who first used GSH as reductant 

for GO, proposed such reaction [24]. 

The mechanisms for epoxy and hydroxyl reduction could be two-step SN2 

nucleophilic reactions followed by one step of thermal elimination: 

 

 

The other (non successful) S-containing aminoacid we have tried (methionine), 

S is not in thiol form so that this possibility is not available. 

 

3.4 Histidine 

 

The electrochemical oxidation products of histidine in alkaline medium have been 

determined to be carbon dioxide, ammonia, formic acid and imidazole [ 25 ]. The 

oxidation reaction can be expressed as follows [26] 

 

+ 2OH
-
→ e

-
+CO2 + NH3 + 2HCOO

-
 + 
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3.5 Tryptophan (Tryp) 

 

Tryptophan could suffer a similar oxidation process to those suffered by melatonin [27], 

i. e., either: 

 

or: 

 

The mechanisms for the reduction of epoxy and hydroxyls in the basal plane 

would be those involving the aromatic part that this molecule has in common with 

melatonin and that were previously proposed by Esfandiar et al. [16]. 

3.6 Glucose 

Glucose has been previously reported as reducing agent for GO [8]. The oxydized 

product is gluconic acid. The oxidation semireaction in basic medium is: 

 



 

 16 

4 Comparison of areal rate constants obtained for the reduction of p-nitrophenol 

with NaBH4 using a number of Ag NP-based catalysts. 

To allow comparison of the catalytic activities of our RGO-Ag NP hybrids on an equal 

footing and also to compare them with previously reported values measured for the 

same reaction using other Ag NP-based catalysts, the apparent rate constants were 

normalized to the surface area of silver employed per unit volume of dispersion (areal 

rate constant), and the results are collected in Table S2 along with previously reported 

values measured for the same reaction using other Ag NP-based catalysts [28-36]. To 

the best of our knowledge, the present Arg- and PM-derived RGO-Ag NP hybrids 

exhibit the highest catalytic activities that have ever been documented for Ag NPs in 

this reaction (areal rate constants ~3-5 times higher than the previous largest values). By 

contrast, the performance of the His-derived hybrids is comparable (slightly lower) to 

that of the standard, citrate-capped Ag NPs.  

 

Table S2. Areal rate constants obtained for the reduction of p-nitrophenol with NaBH4 

using a number of Ag NP-based catalysts. 

Catalytic system Areal rate Reference 

 (L m
-2

 s
-1

)  

RGO-supported Ag NPs prepared with Arg 7.61 Present work 

RGO-supported Ag NPs prepared with PM 4.63 Present work 

RGO-supported Ag NPs prepared with His 0.56 Present work 

Colloidal, dextran T500-stabilized Ag NPs  1.41 29 

Commercial citrate-caped Ag NPs 0.85 Present work 

Ag NP-polyethyleneimine derivative composite 0.57 30 

Ag NPs embebbed in polymeric microgel 0.12-0.20 31 

Colloidal, aminosilicate-stabilized Ag NPs  0.08-0.20 32 

Chitosan-Ag NP composite 0.15 33 

Ag NPs on polymer-derived carbon nanofibers 0.15 34 

Ag NPs in polyelectrolyte brush particles 0.08 35 

Ag NPs in core-shell polymeric microgel 0.05 28 

Spherical Ag NPs 0.02 36 
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5 Characterization of reduced graphene oxide-gold nanoparticle hybrids  

5.1 UV-vis absorption spectroscopy  

After heating a dispersion of 0.1 g mL
-1

 graphene oxide at 95 ºC for 5 hours with 1 mM 

pyridoxamine, its color changes from brown-yellow to reddish-black in the presence of 

0.15 mM HAuCl4. The UV-vis absorption spectrum of the resulting dispersion revealed 

the appearance of a feature at ~520 nm (Fig. S5), which can be ascribed to the well-

known surface plasmon resonance band characteristic of metallic gold nanostructures 

[37]. 

 

 

 

 

 

 

 

 

 

Figure S6. UV-vis absorption spectrum of a 0.1 g mL
-1

 graphene oxide dispersion 

reduced with 1 mM pyridoxamine in presence of 0.15 mM HAuCl4. Inset: digital picture 

of the dispersion.  

 

5.2 Scanning transmission electron microscopy (STEM) 

Microscopic characterization indicated that gold was present in the form of 

nanoparticles exclusively associated to the graphene sheets. The particle size was 

estimated to be ~25 nm. 
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Figure S7. Dark-field (a) and bright-field (b) STEM images of a reduced graphene 

oxide-gold nanoparticle hybrid prepared with 1 mM pyridoxamine and 0.15 mM 

HAuCl4. 
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