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Abstract 

A graphitic carbon nitride nanostructure has been successfully functionalized by incorporation of 

different silver contents and subsequent modification with an α-rich protein, namely hemoglobin. 

Mechanochemistry has been employed, as an efficient and sustainable procedure, for the 

incorporation of the protein. A complete characterization analysis has been performed following a 

multitechnique approach. Particularly, XPS data exhibited considerable differences in the C1s 

region for the Hb/xAg@CN, ensuring the successful protein anchorage on the surface of the 

graphitic carbon nitride-based materials. The as-synthesized nanomaterials delivered impressive 

performance towards hydrogen evolution reactions with an overpotential of 79 mV at a current 

density of 10 mA/cm2 for Hb/20Ag@CN nanohybrids, which is comparable with the most efficient 

HER electrocatalysts reported in the literature. The outstanding HER properties were associated 

with the unique synergistic interactions, quantitatively measured, between AgNPs, Hb tertiary 

architecture and the graphitic carbon nitride networks. 

Keywords: Mechanochemistry, graphitic carbon nitride, silver nanoparticles, hemoglobin, 

bioconjugates, hydrogen evolution reaction, electrocatalysis, synergy.  

Introduction 

Development of cost-effective and more sustainable alternatives for efficient electrochemical 

water splitting reactions is becoming a cornerstone to construct cheaper renewable energy 

technologies, such as hydrogen fuels cells, with both high electrocatalytic yields and stabilities.1,2 

Among the water-splitting reactions lead by an electrochemical control, hydrogen evolution 

reactions (HER) constitute a fundamental step and, in turn, have been widely explored to shed 

light on the mechanistic knowledge of electrocatalytic processes. Up to now, Pt supported onto 
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carbon based-nanomaterials has delivered outstanding HER electrocatalytic properties such as 

very high current densities and tiny Tafel slopes.3,4 Despite their high efficiency, Pt-based catalysts 

still maintaining several drawbacks for HER practical applications including low durability, very 

expensive prices and poor scale up. In this way, a number of endeavours has been performed 

towards the partial or total replacement of Pt for other less inexpensive transition metals such as 

Ag, Ni, Co, Fe and Cu to gain a more sustainable electrocatalytic hydrogen generation.5–10 

However, transition metals usually undergo significant corrosion when they are exposed to acidic 

environment, which clearly limit their practical applications.11  

Recently, some works have been focused on the use of graphitic carbon nitride (g-C3N4, CN) based 

composites to create highly efficient HER electrocatalytic frameworks as a successful approach to 

replace partially,12–14 or even totally14,15 metal-based counterparts and in turn avoid corrosion 

processes. Although it is well-known that CN exhibit poor electrocatalytic responses owed to its 

low conductivity and in some cases low surface area, very innovative strategies have been used to 

greatly improved its HER performance.  

For instance, hydrothermal carbonization,16 encapsulation of nanoparticles,17 design of C3N4 

quantum dots on graphene nanoplatforms18 or even hybrid CN-graphene nanostructures in which 

carbon nitride provides highly active HER sites and graphene assures fast electron transfer towards 

the proton reduction, have achieved very outstanding performances towards electrocatalytic 

hydrogen evolution reactions.19 Interestingly, it should be highlighted that exceptional 

electrocatalytic HER performances have been reached by the strong synergistic effects between 

porous CN nanolayers and N-doped graphene into three dimensional (3D) g-C3N4@GO films.20 

The synergistic coupling effect between the large number of catalytically active defects and edges 

of CN network with both the hierarchically structured film and the excellent conductive properties 
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of graphene layers, have markedly boosted the electrocatalytic yields of C3N4 nanosheets. In the 

same way, a superb HER electrocatalytic behaviour was observed by the synergistic connection 

between well-dispersed MoO2 nanoparticles and P-doped carbon in MoO2@PCRGO 

heterostructures.21 Importantly, the higher HER performance was achieved through the synergistic 

effect between the single Pt atoms embedded in the pyridinic N2C2 defect sites of the melamine-

derived graphitic tubes that encapsulated a FeCo metal clusters and copper inside tube walls.22 

Therefore, the hybridization of catalytically active components with other N-doped carbon-based 

materials seems to be, up to now, an unbeatable strategy to construct highly efficient hydrogen 

evolution electrocatalysts. 

Hemoglobin (Hb) is a tetrameric redox protein formed by four polypeptide chains in which each 

polypeptide domain encloses at least one iron active redox center. It can provide a hierarchically 

structured and porous framework which is able to react to environmental stimulies23 and therefore 

could acts like as intelligent platforms towards the oxygen adsorption processes. 

In this work, we have mechanochemically synthesized two carbon nitride based nanomaterials 

composed of AgNPs, Hb and CN for hydrogen evolution reactions. The HER performances of 

both nanobiomaterials were compared with the bi-component precursors 10Ag@CN, 20Ag@CN 

and Hb/CN, being by far the most efficient catalytically active materials. The latter electrocatalytic 

trend is associated with the significant synergistic connection of AgNPs, Hb tertiary structure and 

g-C3N4 porous networks reached after the mechanochemical synthetic procedure. 

Experimental 

Synthesis of materials 

g-C3N4 (CN) was prepared following previously reported protocol.24 5 g of melamine (Sigma-

Aldrich) was calcined in a semi-closed system (alumina crucible with a cover) at 580 °C for 2 h 
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using a heating rate of 5 °C min−1. Ag@CN samples were obtained by a simple chemical reduction 

method. In a typical experiment, a solution AgNO3 (0.5 M) is added to a previously prepared 

suspension of the CN support in ethylene glycol. After 1 h under sonication, the adequate amount 

(Ag/NaBH4 molar ratio 1/7) of a NaBH4 aqueous solution (0.1 M) was quickly added into the 

mixture under continuous vigorous stirring. The final solid was filtered and profusely rinsed with 

distilled water and acetone. The obtained Ag@CN samples, as well as CN (450 mg), were 

modified with Hb, following a mechanochemical protocol at 200 rpm for 10 min. (Retsch PM100 

ball mill, 125 mL reaction chamber and eighteen 10 mm stainless steel balls), using 50 mg of Hb 

in 300 µL of NaH2PO4 buffer (pH=7). The nomenclature used to identify the materials is: 

Hb/xAg@CN where x is the wt.% of Ag (10 or 20, respectively). 

Characterization of materials 

XRD analysis was performed in the Bruker D8 Advance Diffractometer with the LynxEye 

detector. The XRD patterns were recorded in a 2θ scan range from 10° to 70°. Bruker Diffrac-plus 

Eva software, supported by Power Diffraction File database, was used for phase identification. N2 

adsorption-desorption measurements were performed in the Micromeritics ASAP 2000 equipment. 

The samples were previously degassed for 24 h under vacuum (p<10-2 Pa). In addition, SEM-EDX 

images were acquired in the JEOL-SEM JSM-7800 LV scanning microscope. 

XPS experiments were accomplished in an ultrahigh vacuum multipurpose surface analysis 

instrument SpecsTM. The samples were evacuated overnight under vacuum (10-6 Torr) and 

subsequently, measurements were performed at room temperature using a conventional X-ray 

source with a Phoibos 150-MCD energy detector. XPS spectra were analyzed employing the XPS 

CASA software. 
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FTIR spectra were recorded on an infrared spectrophotometer (ABB MB3000 with Horizon 

MBTM software) equipped with an ATR PIKE MIRacleTM sampler and a window of ZnSe, and 

256 scans were acquired at a resolution of 8 cm-1. During the measurements, the sample was purged 

with a dehydrated and deoxygenated nitrogen flow (20 mL min_1). The spectra were recorded at 

room temperature in the 4000–600 cm_1 wavenumber range. 

The UV-vis analysis was carried out in the LAMBDA 365 UV/Vis Spectrophotometer, using an 

integrating sphere and solid sample accessories. UV-vis spectra were obtained in a 200-800 cm-1 

wavelength range, employing the UV-Express software.  

 

Preparation of the electrodes 

Prior to coating, 10x10 mm ITO glasses were washed following a standard procedure. Firstly, the 

glasses were washed with distilled water and soap. Sequentially, the electrodes were washed in an 

US bath with deionized water, ethanol and acetone. Sample/ITO electrodes were prepared by 

dispersing 1 mg of each different sample into 1 ml of ethanol and by drop casting the mixture (90 

µL) over ITO surfaces. 

Electrochemical methods  

Linear-sweep voltammetry measurements (LSV) were performed in a three‐electrode 

electrochemical cell Potentiostat/Galvanostat Autolab (Solartron1286). 50 mL of a 0.5 M aqueous 

solution of H2SO4 was employed as electrolyte. Ag/AgCl was used as the reference electrode; a Pt 

substrate was used as counter electrode and the different Hb/xAg@CN and xAg@CN/ITO 

electrodes as working electrodes. It should be pointed out that the area of the Pt substrate was at 

least ten times higher than the geometrical WE areas with the objective to avoid the deposition of 

Pt nanodots on the CN-based materials through the formation of large energy barrier.25 A glassy 

carbon disc of 5 mm in diameter (Pine Instruments Company) was used as working electrode for 



7 
 

the rotating disc electrode (RDE) measurements. All electrochemical experiments were performed 

employing a potential range from 0.00 V to -0.75 V vs Ag/AgCl at a scan rate of 2 mV/s. All 

potentials were referenced to RHE by adding a value of (0.205 + 0.059 x pH) V. 

To calculate the faradaic efficiency (FE) for HER of the best electrocatalyst, chronoamperometry 

measurements at a constant potential (E = - 150 mV) for two specific times were carried out, and 

the volumes of the generated hydrogen were measured by water displacement method. Then, FE 

values were estimated by comparing the experimental volume of produced hydrogen with the 

theoretically calculated for the charge passed (e. g. considering a conversion of 100 %, 1 C should 

produce 0.116 mL of H2), using the following equation: 

22 ·
Hn

FE F
Q

=  

Where nH2(mol) is the total amount of hydrogen produced and Q(C) is the total amount of charge 

passed through the cell. Two different durability tests were carried out: On the one hand, 

chronopotenciometric measurements at a current density of - 10 mA·cm-2 for 12 h were recorded. 

And, on the other hand, the initial current density was monitored at a constant potential of -0.15 V 

during 600 cronoamperometric cycles. 

Results and discussion 

Through this work, protein modified xAg@CN nanomaterials have been prepared employing a 

highly sustainable and efficient procedure, previously reported by our group.26–29 Namely, the 

synthesis has been developed by a simple and reproducible mechanochemical methodology 

(Scheme 1). Such approach has been employed by our group to the synthesis of bioconjugates, 

composed of metal oxide nanoparticles and several proteins. Remarkably, it has been reported that 
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proteins with high α-helix content, such as Hb, retained their native-like properties after the 

mechanochemical synthesis.  

 

Scheme 1. Illustrative representation of the synthetic strategy of Hb/xAg@CN. 

The structure and arrangement of the synthesized carbon nitride material, as well as the post-

modified samples, were analysed by X-ray diffraction. As shown in the XRD patterns (Figure 1), 

all the samples exhibited the typical interlayer-stacking (002) reflection of disordered carbon in a 

graphitic CN layered structure.30–34 In addition, a peak around 13.1° can be observed in the 

diffraction patterns, which could be associated with the (100) reflection.30–34 The xAg@CN and 

Hb/xAg@CN samples showed additional peaks at of 38.1°, 44.3° and 64.3° related to (111), (200) 

and (220) crystallographic planes of metallic silver.30,35 
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Figure 1. XRD patterns of prepared samples. 

Morphological properties of samples and references obtained by N2 physisorption are presented in 

Table 1 and Figure S1. In this table, it is shown that the CN support (reference) presents the higher 

surface area in comparison with Ag@CN samples. In fact, a decreasing trend can be highlighted 

with the amount of silver, which indicates that silver particles could be blocking some porous of 

the CN structure. Less influence seems to has the incorporation of Hb on the surface of Ag-

modified materials with negligible variation most likely related to the experimental error. In any 

case, the small differences detected after functionalization with both Ag and Hb, strongly suggest 

that this observable is dominated by the major CN component. The same conclusion can be 

deduced from pore volume and pore size data (Table 1). 
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Table 1. Morphological properties of the samples. 

Sample Area BET 

(m²/g) 

Pore volume 

(cm³/g) 

Pore size 

(nm) 

10Ag@CN 19.1 0.092 18.5 

20Ag@CN 18.5 0.091 18.6 

Hb/10Ag@CN 18.6 0.090 18.5 

Hb/20Ag@CN 17.8 0.089 18.4 

Hb/CN 24.8 0.096 19.8 

CN 25.1 0.099 20.1 

 

The effective deposition of silver entities on the CN surface was evidenced by SEM-mapping 

results (Figure 2, SEM-mapping of 20Ag@CN and Hb/20Ag@CN). This analysis revealed the 

presence of carbon, nitrogen, oxygen, and silver. Although some silver agglomeration can be 

appreciated in certain regions of the sample, it could be said that all the elements are 

homogeneously distributed on the materials surface. Interestingly, in the hemoglobin modified 

samples, certain iron content can be appreciated, suggesting the effectiveness of the protein 

functionalization process. In addition, TEM image and particle size distribution of Hb/20Ag@CN 

material, as representative sample, can be seen in Figure S2. A mean radius of 9.5 nm was found 

for silver nanoparticles with quasi-spherical morphology. 

Figure 3 displays the FT-IR of the six prepared samples. The obtained spectra showed carbon 

nitride-like fingerprints for all the materials, suggesting that the CN component retained its main 

structural characteristics after the incorporation of both, metal and protein counterpart. 

Specifically, the bands observed around 3500–2500 cm−1 could be mainly associated with N-H 

stretching vibration contributions of residual NHx groups in CN structure. Nonetheless, the 
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presence of amino groups from Hb, in the protein modified materials, and adsorbed water 

molecules may also need to be taken into account.24,36 As well, in the 1600–1000 cm−1 region, 

several contributions can be visualized most likely assigned to N-C stretching modes of 

heterocycles from the CN structure. The characteristic amide I and II bands of proteins, normally 

observed around 1650-1500 cm-1, were found overlapped by CN bands, in the three protein-

modified materials. The amide I band signal is characteristic from C=O stretching vibrations of 

peptide linkages, while amide II band resulted from a combination of N–H in plane bending and 

C–N stretching vibrations of the peptide groups. Nonetheless, not clear evidence of the protein 

functionalization can be exposed from this analysis. Furthermore, around 804 cm−1 was observed 

a clear and distinguish peak, associated with the breathing modes of tris-s-triazine (C6N7-based) 

building blocks.37,38 
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Figure 2. SEM micrographs of (A) 20Ag@CN and (B) Hb/20Ag@CN, respectively. (C-F) SEM-

mapping images of 20Ag@CN and (G-K) EDX-mapping images of Hb/20Ag@CN. 

 

Figure 3. FT-IR spectra of prepared samples. 

Chemical properties of the samples were also studied by XPS measurements. Carbon 1s (C1s), 

Nitrogen 1s (N1s) and Silver 3d (Ag 3d) XPS regions of designed samples were measured as can 

be seen in Figure 4A, B and C, respectively. Importantly, very marked differences were detected 

in C1s region before and after the incorporation of Hemoglobin (Figure 4A). While 20Ag@CN 

and 10Ag@CN showed very similar spectrum, a clear intensity enhancement was detected for 

samples, Hb/20Ag@CN, Hb/10Ag@CN and Hb/CN in C-C contribution situated at 284,6 eV 

(Figure 4D). In addition, as previously reported in similar systems, detected C-O contribution can 

be exclusively ascribable to Hemoglobin protein.27 Remaining peaks considered during the fitting 
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of Figure 4D can be associated with both carbon nitride structural moieties, e.g., bridging carbons 

between aromatic moieties (C3−N: 286.2 eV) or at the aromatic rings (N−C−N; 287.8 eV) as well 

as C-N from the protein chain.24,27 For N1s XPS region, the fitting considered the last C-N 

mentioned species as well as the contribution from N-H moieties and the broad π excitation usually 

reported in g-C3N4-based materials.39 C1s and N1s spectra supported data obtained by FT-IR, 

indicating that rather minor differences in terms of the carbon nitride component are generated by 

incorporation of silver nanoparticles. Additionally, the introduction of Hb modifies the final XPS 

spectra (C1s and N1s) by overlapping contributions, without considerable structural distortion of 

the major CN component. Finally, Ag 3d XPS region showed two contributions that are indicative 

of the metallic state of the noble metal in all synthesised materials (Figure 4F). 30,40  
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Figure 4. XPS spectra of the prepared samples in the (A) C1s, (B) N1s and (C) Ag3d regions. 

Deconvoluted XPS spectra of Hb/20Ag@CN for (D) C1s, (E) N1s and (F) Ag 3d. 

With the aim to explore and compare the electrocatalytic behaviour towards HER reaction of 

Hb/10Ag@CN and Hb/20Ag@CN electrodes with respect to the activities of bi-component CN 

based compounds (10Ag@CN, 20Ag@CN, Hb/CN), a set of linear sweep voltammetry 

experiments (LSV) were performed in 0.5 M of H2SO4 at a scan rate of 2 mV/s on a three-electrode 

cell (Figure 5A). It should be highlighted that the current densities of Figure 5A were calculated 

from the electrochemical surface area of the electrocatalyst following a method reported in 
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previous works.5,41 Noteworthy, the current density values produced by the two-component 

precursors (10Ag@CN and 20Ag@CN) were 22 mA cm-2 and 32 mA cm-2 at -0.6 V, respectively, 

while this parameter underwent a striking enhancement to 96 mA cm-2,  

140 mA cm-2 and 180 mA cm-2, upon the addition of protein platforms, for the Hb/CN, 

Hb/10Ag@CN and Hb/20Ag@CN composites, respectively. The HER activity of the composites 

was further compared taking in account the needed overpotentials to achieve a current density of 

10mA cm-2, which represent a very important parameter to know the efficiency of the HER 

electrocatalytic processes. As can be observed in Figure 5A the overpotential values were -280 

mV, -213 mV, -132 mV, -104 mV and -79 mV vs RHE for the 10Ag@CN, 20Ag@CN, Hb/CN, 

Hb/10Ag@CN and Hb/20Ag@CN, respectively. It should be pointed out the shift of the 

overpotentials to less negative values at a fixed density current is a clear signal of the improvement 

of the electrocatalytic efficiency of HER reactions. Therefore, the three-component 

heterostructures HER activity surpassed by far the catalytic properties of the bi-component 

composites, which has demonstrated that the integration of AgNPs, Hb and CN networks in a 

synergistic fashion is able to produce HER electrocatalytic materials with higher performances. 

Remarkably, Hb/20Ag@CN beat in terms of overpotential to most of the CN based materials 

reported, up to now, in the literature (Figure 5D).  

The evaluation of the Tafel slopes is usually used to elucidate the HER mechanistic pathways. 

Figure 5C displays the Tafel slopes for both, the three-component hybrids Hb/10Ag@CN, 

Hb/20Ag@CN composites and the bi-component composites 10Ag@CN, 20Ag@CN, Hb/CN. As 

is expected, the Tafel slope obtained for Hb/20Ag@CN (155mV/dec) exhibits a comparatively 

lower value to those obtained for the other composites, suggesting the most HER proficient 
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kinetics among all composites, which is reached by the synergistic integration of well-dispersed 

AgNPs 20% wt, Hb architectures and CN surfaces. 

 

Figure 5. (A) LSV for HER reaction of Ag10@gC3N4, Ag20@gC3N4, Hb@gC3N4, 

Hb@Ag10gC3N4, Hb@Ag20gC3N4 and commercial Pt/C at a scan rate of 2mV/s. (B) Amplified 

curves, (C) Tafel plots of Ag10@gC3N4, Ag20@gC3N4, Hb@gC3N4, Hb@Ag10gC3N4 and 

Hb@Ag20gC3N4 nanocomposites and (D) Comparison of Hb/20Ag@CN with CN-based 

materials reported (η@j=10 mA cm-2). Pt-GT1:22 P-Ag@gCN.42 g-C3N4 nanoribbon-G.43 

CNQDs@G.18 Ru@C3N4/rGO.44 PCN@N-graphene-750.20 Mo2S/g-C3N4.45 N,S-CN.46 

Co0.4Fe0.5LDH/g-CNx.47 CoFe-LDH@g-C3N4.48 NC-5. 49 
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The proposed mechanism for HER processes in acidic medium consists of two steps (i) the Volmer 

step, (ii) the desorption step or Heyrovsky process and (iii) the recombination step or Tafel step. 

(i) Hb/20Ag@CN + H3O
+ + e- = Hb/20Ag@CN-Hab 

(ii) Hb/20Ag@CN-Hab + e- + H3O
+ = Hb/20Ag@CN + H2 + H2O 

(iii) Hb/20Ag@CN -Hab + Hb/20Ag@CN -Hab = H2 + Hb/20Ag@CN  

To identify the limiting stage in the HER process for the Hb/20Ag@CN nanocomposite, RDE 

voltammetry measurements from 0 to 2500 rpm of rotation rate were carried out (Figure 6A). The 

hydrogen evolution rate increases significatively with the rotation rate, further confirming both 

that the mass diffusion of proton is limiting stage, and the Heyrovsky step may be the rate-

determining step (RDS).50,51 In addition, this experiment clearly confirms that H2 evolution is not 

produced from the decomposition of Hb. 

The faradaic efficiency for HER of the Hb/20Ag@CN nanocomposite was calculated by 

comparing the theorical volume of produced hydrogen with the experimentally measured (see 

experimental section). The resulting faradaic yield was 0.94 over 1, a value very near to the 

maximum possible one (Figure 6B). The TON of the electrocatalyst was 3.9x104 using 1 mg of 

catalyst, which is comparable with other data reported in the literature for HER reactions.52 In 

addition, the durability of Hb/20Ag@CN was firstly tested at a constant current density of 10 

mA·cm-2 for 12 h. As it can be observed in Figure 6C, the potential remained almost constant 

during this time course. Secondly, Figure 6D shows that the percentage of the initial current density 

was maintained almost constant after 600 cycles. Therefore, both durability tests demonstrate the 

good electrochemical stability of the Hb/20Ag@CN nanocomposite. 
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Figure 6. (A) RDE voltammograms of GC electrode modified with Hb/20Ag@CN at different 

rotating rates. Scan rate: 2 mV·s-1. (B) Faradaic efficiency plots for HER (calculated versus 

experimental hydrogen production at a constant potential). (C, D) Long-term stability studies: (C) 

Chronopotentiometric measurement at 10 mA·cm-1 for 12 h, and (D) Monitoring percentage of 

initial current density after 600 chronoamperometric cycles at a constant potential of -0.15 V. 
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In order to quantify the effect of the components to the electrochemical responses, a simple 

function of the ternary system (Hb-Ag-CN) can be defined with respect to the major component 

(CN) and the parent binary counterpart (Equation 1).24,53 

𝒋(Hb/xAg@CN;  𝐭𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥) =  𝒋(CN) +  𝛁 (𝑱(Ag@CN, real) − 𝐣(CN)) +  𝛁(𝒋(Hb/CN) − 𝒋(CN))   (1) 

Equation 1 allows to determine if the interaction between the surface species present in the 

Hb/xAg@CN samples is detrimental, additive or, as desired, synergistic. The difference between 

the electrochemical response of Hb/xAg@CN, theoretical and real, could be negative, zero or 

positive. In Figure 7, the sum described by Eq. 1 is presented next to the real measured for 

Hb/xAg@CN. The corresponding differences are included as numerical values in the plots. The 

graphical analysis confirms that a synergistic effect occurs and would correspond to ca. 12 and 24 

% for Hb/10Ag@CN and Hb/20Ag@CN, respectively. It is well-known that the defects and edges 

of CN are effective catalytic sites for HER owed to they favour the water splitting processes 

(2H2O=2H2 + O2).
11 In this direction, 3D nanostructured protein networks provide a porous 

framework in which the synergistic interactions between their components give rise to a large 

number of nitrogen structural defects that strongly increase the adsorption of hydronium ions and 

therefore the HER performances. Additionally, it was appreciated a clear extra-improvement of 

the HER with higher silver content. It can be explained considering the influence of the well-

distributed AgNPs pattern on the Hb/CN platforms, which contribute to boost the HER efficiency 

through the increment of the number of efficient electrocatalytically active centers at the 

electrochemical interfaces.  
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Figure 7. Current density. Illustrative representation of synergistic effect. 

 

As well post-characterization of the material was performed by UV-vis and XPS techniques. XPS 

analysis was performed for both spent and fresh Hb/20Ag@C3N4 material. C1s XPS regions 

(Figure S3A) exhibited four contributions in both materials, before and after the electrochemical 

reaction, associated with C-C (284.6 eV in both cases), C3−N mainly from carbon nitride structural 

moieties (286.3 eV in both cases), N−C−N from the protein chain or from the aromatic rings of C3N4 

structure (287.8 and 288.3 eV for fresh and spent sample, respectively), and C-O mainly from the protein 

entities (288.8 and 289.3 eV for fresh and spent sample, respectively). The latest two signal, related to N-

C-N and C-O bonds shifted 0.5 eV, which could be associated with slight changes in the native-like 

structure of the protein. Nonetheless, the presence of four carbon contributions in similar positions for the 

fresh and spent materials, indicated that the material does not suffer considerable modifications after the 

electrochemical reaction. It is also worth to remark that after immobilization of the material in the ITO, the 

increment in the intensity of the C-C signal could be understood by the additional contribution of C from 

CN
Hb/C

N

10Ag@
CN

Hb/10Ag@
CN

Hb/10Ag@
CN

20Ag@
CN

Hb/20Ag@
CN

Hb/20Ag@
CN

0

50

100

150

200

R
e

a
l

R
e

a
l

T
h

e
o

re
ti

c
a

l 
(E

q
.1

)

T
h

e
o

re
ti

c
a

l 
(E

q
.1

)

Synergistic Effect

 (47 mA/cm
2
)

Synergistic Effect

(20 mA/cm
2
)

j 
(m

A
/c

m
2

)

 

 



21 
 

the ITO support. Figure S3B displayed N1s XPS spectra of fresh and spent sample, which could be 

deconvoluted in three main peaks, with no considerable variation. Importantly, Ag 3d spectrum of 

both samples exhibited negligible differences, therefore confirming that silver was not oxidized 

during the electrochemical reaction and in turn it was found as metallic silver after the test (Figure 

S3C). In addition, to get more insights into the chemical changes in the porphyrin environment, 

XPS analysis was performed in the Fe2p region (Figure S4). The observed low intensity was 

associated with the low iron content in the samples, which hinder the deep analysis of this XPS 

region. Nonetheless, it can be clearly observed that Fe2p3/2 was located at 710.9 eV, being 

attributed to iron oxidized species.  

Additionally, UV-vis measurements were performed for the Hb/20Ag@C3N4 material, before and after 

the electrochemical reaction (Figure S5). As well, pure hemoglobin was treated under the same 

conditions and UV spectra of both samples was obtained. Hb/20Ag@C3N4 spectra showed a blue 

shift, in comparison with the free protein, which could be associated with slight modifications in 

the secondary structure of the protein after the synthetic protocol. However, no considerable 

changes were observed after the electrochemical reaction. In turn, after treating free hemoglobin 

in the same reaction conditions, a clear shift of the UV band was observed. Such results indicated 

that even if after the synthetic protocol certain changes occurred in the Hb structure, 

immobilization strategy clearly confers a good stability to the protein for being used in the 

electrochemical tests. It is well-known that the conformational changes of enzymes can 

significantly improve their electrocatalytic behaviour.29 In our work, the slight modifications of 

the 3D hemoglobin structure is probably increasing the number of N catalytically active sites in 

the bioconjugate heterostructures which directly contribute to the HER improvement. 
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Conclusions 

A sustainable mechanochemical approach has been successfully employed for the preparation of 

biohybrid materials composed of graphitic carbonitrile, silver nanoparticles and an α-rich protein, 

namely hemoglobin. Electrochemical hydrogen evolution of silver modified graphitic carbonitrile 

materials was enhanced through a synergistic effect by the incorporation of hemoglobin. Protein 

networks on the surface of CN materials could give rise to nitrogen structural defects, which may 

facilitate adsorption of hydronium ions and therefore improve the HER performances. As well, 

higher silver content on the materials resulted in a better HER efficiency, which could be 

associated with the increment of electrocatalytically active centers at the electrochemical 

interfaces. Therefore, the as-synthesized CN-based materials could be potentially used for the 

development of proficient and sustainable hydrogen fuels cells. 
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Figure S1. N2 adsorption-desorption isotherms of A: CN, B: 10%Ag@CN, C: 20%Ag@CN, D: 

Hb/CN, E: Hb/10%Ag@CN, F: Hb/20%Ag@CN. 

 

 

Figure S2. TEM image and particle size distribution of Hb/20Ag@CN material. 
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Figure S3. XPS spectra of fresh and spent Hb/20Ag@C3N4 in the (A) C1s, (B) N1s and (C) Ag3d 

regions. 

 

Figure S4. Fe2p XPS spectra of fresh (blue line) and spent catalyst. 

 



S4 
 

 

Figure S5. UV spectra of Hb/20Ag@C3N4 before and after the electrochemical reaction, and free 

Hb before and after the electrochemical reaction. 


