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A B S T R A C T   

The effect of a binary PtNi co-catalyst supported on graphitic carbon nitride nanosheets is studied in the photo- 
production of hydrogen from methanol:water mixtures. The physicochemical analysis provides evidence that the 
carbon nitride support allows the formation of highly dispersed PtNi nanoparticles with an average composition 
of Pt 85 % Ni 15 %. The binary system outperforms the monometallic Pt and Ni counterparts and renders an 
extraordinary quantum efficiency of 8.8 % for hydrogen photo-production. The formation of a PtNi alloy, with a 
Pt-enriched surface and electronic properties influenced by the heterometallic contact, provides high and stable 
activity, mostly as a consequence of the effects that the co-catalyst exerts on the charge carrier handling capa-
bility of the solid.   

1. Introduction 

Environmental concerns and particularly global warming demand an 
urgent energy transition from fossil fuel derivatives to greener energy 
sources and technologies. Among potential new energy carriers, 
hydrogen appears as a firm candidate to diminish the environmental 
impact and reach carbon neutrality. Hydrogen plays also a central role in 
the chemical industry to produce a significant number of building block 
molecules such as ammonia as well as many other commodities such as 
plastics. While hydrogen is mainly produced through methane dry 
reforming, a positive environmental impact can only be achieved when 
using zero carbon or net zero carbon processes and precursors such as 
biomass [1]. In all such processes, catalysis plays a key role [2,3]. 

The production of hydrogen through photocatalysis uses light as the 
only energy source. It has advantages over the classic thermal process as 
it frequently uses mild reaction conditions, e.g. room temperature and 
pressure. Yet, a typical bottleneck for the application of this technology 
is the relatively low quantum efficiency (QE) of the process. This low QE 
can have multiple sources, being those related to charge handling and 

surface phenomena the most relevant ones. Among the charge handling 
aspects, key parameters are the photogeneration of charge carriers 
through light absorption, the control of charge carrier de-excitation and 
the transport of charge to the relevant surface sites. In terms of surface 
phenomena, key parameters are the surface adsorption, activation, and 
evolution of the reactants [2,4,5]. 

Among photocatalytic materials, carbon nitride is a rather successful 
alternative semiconductor to the well-known titania. Beyond its excel-
lent intrinsic properties, carbon nitrides can be produced in a wide range 
of architectures with nanometer regime features that can be tuned to 
optimize photocatalytic performance [6–9]. The adjustment of the 
nanostructural parameters should take into consideration the surface 
area and its direct chemical effects on reagent adsorption and activation. 
Additionally, light-related effects concerning charge carrier handling, 
and particularly the control of charge recombination, need to be 
considered to promote activity under light excitation. An especially 
convenient architecture is that of nanosheets offering large surface areas 
for cocatalyst dispersion and adsorption of reactants while at the same 
time enabling an effective transport of charge carriers. In the case of 

* Correspondng author at: Instituto de Catálisis y Petroleoquímica, CSIC. C/Marie Curie 2, 28049 Madrid, Spain. 
** Correspondng author. 

E-mail addresses: acabot@irec.cat (A. Cabot), mfg@icp.csic.es (M. Fernández-García).  

Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

journal homepage: www.elsevier.com/locate/jece 

https://doi.org/10.1016/j.jece.2023.110921 
Received 29 May 2023; Received in revised form 30 August 2023; Accepted 31 August 2023   

mailto:acabot@irec.cat
mailto:mfg@icp.csic.es
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.110921
https://doi.org/10.1016/j.jece.2023.110921
https://doi.org/10.1016/j.jece.2023.110921
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2023.110921&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Environmental Chemical Engineering 11 (2023) 110921

2

carbon nitride, the nanosheet morphology appears as a direct conse-
quence of its laminar structure, although materials with high surface 
area require specific preparation methods [6–9]. 

The photocatalytic production of renewable hydrogen from bio- 
molecules such as alcohols usually requires the use of composite cata-
lysts that include a co-catalyst dispersed on the surface of a semi-
conductor support. The chemical nature of the co-catalyst as well as 
their interaction with the support are key aspects to be controlled to 
ensure high activity. Typically, noble metals and, particularly, platinum, 
are used to boost activity [6,10,11]. Yet more complex formulations of 
the co-catalyst such as binary alloys are commonly tested in the quest of 
maximizing activity [12–15]. In the case of platinum, materials having 
Pt in intimate contact and alloyed with noble and non-noble metals have 
been tested for the photocatalytic production of hydrogen [16,17]. The 
case of platinum modification by adding non-noble nickel has been 
studied. However, details of the Pt-Ni interaction have not been fully 
unveiled mainly as a cause of the nanometric size of the catalytic par-
ticles. Moreover, the resulting systems have been frequently tested using 
non-renewable chemicals (e.g. triethanolamine, TEOA) and were found 
to be unstable over a long time on stream tests [18,19]. 

Here we will detail the synthesis of PtNi nanoparticles supported on 
graphitic C3N4 (g-CN). We demonstrate the close interaction between 
the two metals, as well as a large dispersion of the binary nanoparticles 
on the high surface area g-CN nanosheets, can render a highly active and 
stable system for the photocatalytic production of hydrogen from a 
renewable source such as methanol in a water medium. Moreover, based 
on a rigorous analysis of the quantum efficiency, we will show that the 
system is among the top-performing catalyst ever reported in terms of 
quantum efficiency. 

2. Experimental section 

2.1. Catalysts preparation 

2.1.1. Layered g-C3N4 (g-CN) 
Layered g-CN was prepared through a two-step thermal polymeri-

zation of urea. A covered crucible with 10 g of urea was heated to 550 ◦C 
at a rate of 2 ◦C min− 1 for 4 h under air. The resulting powder was 
ground with the mortar. This material was subsequently placed in a 
covered crucible and heated to 520 ◦C at a rate of 5 ◦C min− 1 for 2 h 
under air. 

2.1.2. Pt/g-CN 
A photoreduction method was utilized to load on the prepared 

layered carbon nitride support. To this end, 100 mg of g-CN were 
dispersed in 100 mL solution containing 10 mL methanol and 400 μL of a 
25.625 mmol/L HPtCl6 aqueous solution (for 1 wt% Pt). The solution 
obtained was treated using N2 for 30 min to ensure an anaerobic state 
and illuminated for 30 min with UV light (300 W Xe lamp). The obtained 
composite was collected by centrifuging, washed with ethanol and water 
2 times, and was finally dried at 60 ◦C for 12 h (Pt1 %/g-CN). 

2.1.3. Ni/g-CN and PtNi/g-CN 
100 mg of g-CN were added into 100 mL deionized water containing 

10 mL triethanolamine, 4.3 g nickel acetate tetrahydrate (for 1 wt% Ni), 
and 500 mg sodium hypophosphite. After 30 min sonication, argon was 
flowed through the solution for 30 min. Subsequently, the solution was 
subjected to UV–vis illumination (300 W Xe lamp) under continuous 
stirring under argon for 30 min. The resulting powder was collected and 
washed 3 times (using water and ethanol consecutively) and dried under 
vacuum for 6 h (Ni1 %/g-CN). The Ni0.5 %Pt0.5 %/g-CN sample was 
prepared through the same method but adding 0.5 wt% Ni and 0.5 wt% 
Pt. 

2.2. Catalysts characterization 

The atomic composition of the catalysts was measured using atomic 
emission coupled with inductively coupled plasma atomic emission 
spectroscopy (ICP-AES; Optima 3300DV Perkin Elmer spectrometer, 
USA). X-ray diffraction (XRD) patterns were obtained using a Bruker D8 
Advance diffractometer with Ni-filtered Cu-Kα radiation (λ = 1.5406 Å). 
Applying the Williamson–Hall method, primary particle size informa-
tion was obtained for the diffracting phases [20]. The morphology of the 
samples was determined using a scanning electron microscope (SEM) 
from Carl Zeiss (Auriga). High-resolution transmission electron micro-
scopy (HRTEM) images and scanning transmission electron microscopy 
(STEM) studies were carried out on an FEI Tecnai F20 field emission gun 
microscope operated at 200 kV. For samples degassed overnight at 140 
℃, a Micromeritics Tristar-II 3020 equipment (USA) was utilized to 
carry out nitrogen physisorption experiments and measure textural 
properties. UV− vis diffuse-reflectance experiments were acquired on a 
Varian Cary300 apparatus (USA). UV–visible spectra were displayed 
with the help of the Kubelka-Munk transformation [21]. Band gap 
analysis of carbon nitride containing samples was carried out plotting 
(hνa)1/2 (hν = excitation energy, a = absorption coefficient, propor-
tional to the Kubelka-Munk transform) as a function of the incoming 
light energy. This procedure considers the carbon-based material an 
indirect gap semiconductor [22]. Photoluminescence spectra were ac-
quired at room temperature with the help of a Fluorescence Spectro-
photometer (Horiba FluoroMax Plus, Germany). Samples were excited 
at 380 nm. XPS data were recorded using a SPECS® spectrometer (UK) 
with a PHOIBOS® 150 WAL hemispherical energy analyzer with angular 
resolution (< 0.5◦). The equipment has an XR 50 X-Ray Al-Xray and 
μ-FOCUS 500 X-ray monochromator (Al excitation line) source. The 
binding energies (BE) were referenced to the C 1s peak using a 284.6 eV 
energy. Fitting procedures were carried out with the CASA 2.3.25 pro-
gram using a Shirley background [23]. 

2.3. Activity measurements 

A liquid phase reactor containing a suspension of the catalyst (1 g 
L− 1) in a methanol:water liquid was used to generate hydrogen gas. The 
gas is continuously eliminated from the reaction and reached the 
detection system (Omnistar 200 mass spectrometer) with the help of an 
argon stream. UV-near visible (280–420 nm) illumination was obtained 
from a Xe 500 W arc lamp with the help of dichroic and IR filters from 
Quantum LOT. As measured using actinometry, the impinging photon 
flux at the reactor is ca. 1.1 × 10− 8 Einstein cm− 3 s− 1. The semi- 
continuous gas-liquid reactor characteristics, optimization of operating 
conditions, as well as the light intensity measurements and calculations 
are reported elsewhere [24,25]. 

Values for activity parameters, e.g. the reaction rate and quantum 
efficiency, were obtained following IUPAC rules [26]. As shown in Eq. 
(1), the quantum efficiency can be obtained as the ratio between the 
reaction rate (r) and the rate of photon absorption (ea). Both parameters 
correspond to average values over the entire volume of the reactor 
(denoted with A suffix) 

QE(%) =
〈r〉A

〈ea〉A
× 100 (1) 

The ea observable was in turn calculated through the analysis of the 
light intensity over the reactor following Eq. (2), as suggested by the 
IUPAC. 

dIλ,Ω(x)
ds

= − κλIλ,Ω

(

x
)

− σλIλ,Ω

(

x
)

+
σλ

4π

∫

Ω′=4π
p
(

Ω′→Ω
)

Iλ,Ω′ dΩ′ (2) 

As an initial step, optical measurements of the suspended catalysts 
were used to solve Eq. (2). The optical measurements render the spectral 
absorption (κλ) and the spectral scattering (σλ) coefficients. Together 
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with the scattering phase (p
(

Ω′→Ω
)

, calculated using the Henyey- 

Greenstein equation, they are used to solve the Radiative Transfer 
Equation (RTE) in our reactor (Eq. (2)).[27] In this work, Eq. (2) is 
solved using the discrete ordinate method, allowing to obtain the in-

tensity of light throughout the reactor volume (Iλ,Ω

(

x
)

) and, finally, of 

the ea parameter, ea =
∫

λκλ(x) •
∫

Ω=4πIλ,Ω

(

x
)

dΩdλ. A detailed descrip-

tion of all experimental and numerical methods summarized in this 
section are described in previous works [24,25]. 

3. Results and discussion 

3.1. Physicochemical characterization 

Fig. 1 displays SEM micrographs of the produced materials, 
including g-CN, Ni/g-CN, PtNi/g-CN, and Pt/g-CN. The g-CN support 
shows a sheet-like structure allowing a large dispersion of metal nano-
particles (brighter spots). The chemical nature and the particle size 
distribution of metal particles are discussed below with the help of other 
techniques. We just mention that SEM images show aggregates of metal 
particles composed by several single crystallites with an average particle 
size in the range of a few nanometers, as would be determined below 
from the XRD patterns. Fig. 2 A displays the nitrogen adsorp-
tion–desorption isotherms and pore size distribution obtained for the 
PtNi/g-CN sample. In all cases, our samples exhibit type IV isotherms 
with H3 hysteresis loops, indicating the presence of a dominant meso-
porous structure. As shown in the inset of Fig. 2A, negligible contribu-
tion of microporosity (well below 1 %) as well a significant contribution 
from macropores (size above 50 nm) can be also observed. In fact, the 
analysis of the porosity (Table S1) indicates that mesoporosity/macro-
porosity account for ca. 55–60/45–40 % of the pore size distribution of 
the fresh samples. The PtNi/g-CN presents a dual pore size with meso-
pores with relatively low size (ca. 2.5–4 nm) and meso and macropores 
having higher sizes (maximum at ca. 38 nm; see inset of Fig. 2 A). As 
previously noted in the literature, this can be rationalized by considering 
pores along the nanosheets and between them.[2,4,5] The BET area of 
the bare mesoporous support reach a value of ca. 80 m2 g− 1 and de-
creases to 50–60 m2 g− 1 when the metals are included in the catalyst 
formulation (Table 1). The decrease in the BET surface area obtained 
when introducing the metals indicates that the metals partially alter the 
pores of the support. In presence of the co-catalysts and irrespective of 

their chemical nature, analysis of the porosity shows changes mostly 
associated with the pores of the dual distribution with size in the tends of 
nanometers (Table 1; Table S1), suggesting that the metal component is 
mainly altering the staking of carbon nitride nanosheets. Owing to the 
two-step process used for the production of the g-CN-supported metal 
nanoparticles involving the initial production of the g-CN and the pos-
terior use of this support to grow the metal using a photoreduction 
procedure, relatively mild differences are encountered between the 
metal-containing catalysts and the bare support in terms of morpho-
logical properties (Table 1). Note on the other hand, the rather similar 
morphological properties displayed by all the metal-containing samples. 

The presence of the graphitic-type carbon nitride and the structural 
stability of such support after metal impregnation can be inferred from 
the infrared results presented in Fig. 2B. The most significant band to 
test the structural similarity between the samples is the one located at 
ca. 823 cm− 1, assigned to the breathing mode of the tris-z-triazine in the 
graphitic type structure [6,28,29]. A modest effect of the co-catalyst 
presence can be noted. The IR spectra also display the bands associ-
ated with the stretching modes of the CN heterocycles 
(1200–1600 cm− 1) as well as N-H and O-H moieties above ca. 
3000 cm− 1. As expected for high surface area materials, the catalysts are 
particularly enriched in N-H terminal moieties, as can be deduced from 
the presence of the peaks at ca. 3090 and 3190 cm− 1 [6,28]. Considering 
these contributions, no significant differences are visible between the 
samples of the series. 

The XRD profiles of the samples are shown in Fig. 2 (panel C). As 
expected from the analysis of IR results, the diffraction patterns are 
dominated by a g-CN peak corresponding to the interlayer-stacking, 
(002) reflection at ca. 27.5 degrees [6,28]. To complete the analysis of 
the g-CN, UV–visible spectroscopy was used (Fig. 2D). A strong ab-
sorption decrease was observed in the limit between the UV and visible 
regions (below ca. 400–420 nm). Taking into account the indirect 
semiconductor nature of g-CN, the analysis of the spectra renders a band 
gap energy value close to 2.8 eV for all samples (Figure S1 and Table 2), 
which is consistent with the reported values for g-CN.[6–8] No signifi-
cant differences between samples were encountered considering the 
band gap energy (Table 2). Thus, aside the BET surface area and pore 
distribution changes, no significant effect is observed in the graphitic 
carbon nitride support by the inclusion of the co-catalyst(s) in the 
powders. 

The catalysts contained a total of 1 wt% of the metal in all cases 
(error below 3.9 %) according to chemical analysis (ICP-AES) results. 
Yet, the presence of the co-catalysts can be observed in the XRD pat-
terns. This is due to the low (X-ray) absorption cross-section of the 
carbon nitride component (Fig. 2C). In addition to the above-mentioned 
peaks related to the graphitic carbon nitride support, peaks easily as-
cribable to metallic face-centered cubic (FCC) structures can be 
observed for all the samples containing metals [30]. The dominant (111) 
peak, located between ca. 39.9 and 44.2 degrees in our samples, can be 
easily spot out by comparison with the corresponding metal reference 
patterns included in Fig. 2C. For the PtNi/g-CN sample an average 
crystallite size of ca. 5 nm can be obtained through the analysis of the 
XRD patterns. Note also that the bimetallic PtNi/g-CN sample displays 
the (111) FCC peak at an intermediate position between the mono-
metallic samples, although certainly closer to the Pt/g-CN. Analysis of 
the XRD profile indicates that the cell parameter decreases from the Pt 
monometallic reference by ca. 2.5 %. As Pt-based alloys follow the 
Vergard law, [31–33] this datum indicates that the PtNi bimetallic 
particles have an average composition close to ca. 15 at % of Ni and 85 
% of Pt, i.e. are Pt-rich. Considering the metal content measured with 
chemical analysis, the low quantity of Ni present in the metallic particles 
implies the existence of additional nickel-containing phases. This is 
below analyzed with the help of microscopy and XPS techniques. 

To confirm the presence and analyze the structural characteristics of 
the metal nanoparticles we carried out combined HRTEM and XPS an-
alyses. The microscopy analysis of the samples is illustrated in Fig. 3, S2, 

Fig. 1. SEM images of the g-CN, Ni/g-CN, PtNi/g-CN and Pt/g-CN catalysts as 
labeled in each panel. Scale bar = 1 µm. 
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and S3, presenting results for the Pt/g-CN (Fig. 3 and S2) and PtNi/g-CN 
(Fig. 3 and S3) samples. The porous nanosheet-type morphology of the 
graphic carbon nitride is illustrated in the dark-filed images presented in 
Fig. 3A,C. The HRTEM micrographs and the corresponding electron 
diffraction patterns presented in Fig. 3B,D, S2 and S3 show that some 
metal crystals are aggregated but single crystallytes have sizes in the 
range 2–8 nm. For the Pt/g-CN sample, the metal structure can be 

assigned to the cubic Pt (space group = Fm-3m) with a=b=c= 3.92 Å. 
For the crystalline domain presented in Fig. 3B, the Pt lattice fringe 
distances were measured to be 0.202 nm, 0.139 nm and 0.196 nm, at 
45.18º and 90.11º which could be interpreted as the cubic Pt phase, 
visualized along its [010] zone axis. From the crystalline domain pre-
sented in Fig. 3D, the NiPt lattice fringe distances were measured to be 
0.225 nm, 0.192 nm and 0.223 nm, at 48.10º and 112.78º, which could 
be interpreted as the cubic NiPt phase, visualized along its [011] zone 
axis. The analysis of the single particle reveals a cubic NiPt (space group 
= Fm-3 m) with a=b=c= 3.76 Å. We highlight the significant decrease 
detected in the cell parameter of the Pt FCC crystallites when intro-
ducing Ni to form PtNi. The crystallite cell parameter measured with 
microscopy is associated with a bimetallic PtNi particle significantly 
more enriched in Ni (ca. 32 % vs. 15 %) than the average composition 
obtained from the XRD analysis. This indicates that the Pt-Ni contact in 
the metal nanoparticles takes place within a relatively broad range of 
alloy composition, although they are all Pt-rich entities according to the 
Vergard́s law [31–34]. An extended HRTEM analysis of the PtNi/g-CN 
sample, considering multiple particles, showed a significant dispersion 
in lattice parameters, which is consistent with a related dispersion in 
compositions. The relatively broad range of chemical compositions 
observed in bimetallic particles with size in the range of a few nano-
meters has been previously reported and is a characteristic feature of 
nanostructured alloys supported in high surface area materials [35,36]. 
Nevertheless, within each particle, we observed a homogeneous distri-
bution of Pt and Ni as displayed in Fig. 3E which shows electron energy 

Fig. 2. (A) Nitrogen adsorption-desorption isotherm and pore distribution of the PtNi/g-CN sample. (B) IR spectra for the samples. Vertical dashed lines are included 
at the metal FCC (111) peak maximum. (C) XRD patterns for the samples. Reference patterns; g-C3N4 JCPDS 87-1526; Ni JCPDS 04-0850 Pt JCPDS 04-0802. (D) 
UV–visible spectra for the samples. 

Table 1 
Textural properties of the catalysts including BET area of pre / post-reaction 
samples.  

Sample BET area (m2g− 1) Pore volume (cm3g− 1) Pore size (nm) 

g-CN 87.4/80.1 0.56/0.51 30.0/30.4 
Ni/g-CN 58.7/54.1 0.32/0.31 23.0/23.0 
Pt/g-CN 56.9/52.9 0.33/0.30 23.3/23.5 
PtNi/g-CN 58.7/52.1 0.34/0.32 24.2/24.5  

Table 2 
Band gap energy (eV) values for the samples.  

Sample Pre-reaction Post-reaction 

g-CN  2.80  2.77 
Ni/g-CN  2.79  2.81 
Pt/g-CN  2.81  2.79 
PtNi/g-CN  2.83  2.80  
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loss spectroscopy (EELS) elemental composition maps of some PtNi 
particles obtained from the red squared region in the HAADF-STEM 
micrograph (left). It should be noted that to obtain a proper EELS 
signal, the analyzed particles were the largest observed, which were 
significantly bigger than the value of the average size, being this nearly 
5 nm according to diffraction. 

To further investigate the metal nanoparticles, the Pt 4f and Ni 2p 
XPS spectra were recorded. Fig. 4 summarizes the XPS results for the 
PtNi/g-CN sample. Figures S4 and S5 display data for the Ni/g-CN and 
Pt/g-CN samples, respectively. In the PtNi/g-CN sample, the Ni 2p XPs 
signal shows a characteristic shape attributable to Ni2+ species, showing 

the typical main peak and shake-up satellite structure. The Ni 2p3/2 
contribution peaks at 855.8 eV (Fig. 4A) [37]. Note that the absence of a 
metallic (zero valent) Ni contribution in the PtNi/g-CN (Ni 2p) XPS 
signal is a direct consequence of the average chemical composition of 
the alloy particles. Assuming that Pt is completely alloyed (e.g. absence 
of a single zero-valent Pt phase, as suggested by the XRD and microscopy 
studies), only ca. 5 % of the Ni present in the powder would be involved 
in the Pd0.85Ni0.15 alloy phase. Thus, the majority of Ni should render an 
XPS signal rather similar to the one of the monometallic Ni/g-CN sample 
(see Fig. 4A and Figure S4). Differences between the PtNi/g-CN and 
Pt/g-CN references are however encountered when studying the Pt 

Fig. 3. Electron microscopy analysis of the Pt/g-CN (A,B) and PtNi/g-CN (C,D) samples. (A) HAADF-STEM image of Pt/g-CN. (B) HRTEM micrograph of Pt/g-CN, 
detail of the metal particle inside the orange box and corresponding electron diffraction pattern. (C) HAADF-STEM image of PtNi/g-CN. (D) HRTEM micrograph of 
PtNi/g-CN, detail of the metal crystal inside the orange box and of the whole aggregate within the red box, and corresponding electron diffraction patterns. (E) 
HAADF-STEM image of PtNi/g-CN and EELS chemical composition maps obtained from the red squared area. Ni L2,3 at 855 eV (red), Pt M4,5-edge at 2122 eV (green). 
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counterpart. Considering first the monometallic Pt/g-CN sample, the Pt 
4f7/2 XPS peak is detected at ca. 70.1 eV (Figure S5). This is character-
istic of nanometric Pt particles having the metallic state, as reported 
previously [24,25,38]. A drastic difference in Pt oxidation state is 
however observed in the corresponding Pt 4f7/2 XPS peak of the 
PtNi/g-CN sample with respect to the monometallic Pt counterpart 
(Fig. 4B vs. Figure S5). To analyze the mentioned Pt 4f region, we note 
that the Ni 3p contribution is relatively close and has to be considered to 
analyze the Pt 4f7/2 XPS peak [37,39]. The Ni 3p peaks are visible in 
Fig. 4B. The Ni 3p3/2 peak is located at ca. 67.9 eV. Note that, as ex-
pected from the results of the Ni 2p XPS study, this corresponds to the 
dominant (Ni2+) oxide phase, without contact with the noble metal [37, 
39]. The Pt 4f7/2 XPS peak of the bimetallic sample shows two contri-
butions at 70.7 and 72.5 eV, characteristic of the metal (Pd(0)) and 
oxidized Pt(II) states, respectively.[37,39] The presence of a noble metal 
oxidized state at the surface of the alloy particles has been previously 
reported [40]. It is rationalized by the fact that PtNi alloys have a surface 
layer enriched in Pt with Ni preferentially located at the subsurface 
layers, altering the response of the monometallic noble metal and 
facilitating its oxidation [35,41]. It is also noted that the Pt(0) contri-
bution suffers a blue shift with respect to the monometallic Pt reference, 
indicating that the interaction with Ni withdraws electronic charge from 
the Pt centers of the alloy. This result further confirms that the 

PtNi/g-CN sample contains PtNi alloy particles. For all samples and 
according to the XPS and EELS analyses, we can note the absence of P 
signal(s) associated with potential residual amounts of the sodium 
hypophosphite used in the synthesis of PtNi nanoparticles. 

Finally, XPS was utilized to investigate the valence band of the cat-
alysts. Figure S6 provides evidence of the absence of significant varia-
tions in the valence band position of the samples. Together with the 
band gap energy values collected in Table 2, it shows that the valence 
and conduction bands of the semiconductor do not show differences 
through the catalysts here studied. In particular, absence of significant 
alternation concerning (conduction and valence) band-edge positions 
for the metal-containing samples with respect to the bare CN material 
can be noticed. 

3.2. Catalytic activity and interpretation 

The activity of the samples for the production of hydrogen under 
illumination is presented in Fig. 5 for the optimum 30:70 methanol to 
water mixture. Fig. 5A shows that the solids are not active in the absence 
of light. The bare support as well as the Ni/g-CN sample display rather 
low activity. The activity of the PtNi/g-CN sample outperforms all sys-
tems and particularly the reasonable active monometallic Pt/g-CN 
sample. The PtNi bimetallic sample also shows a rather good 

Fig. 4. (A,C) Ni 2p and (B,D) Pt 4f+Ni3p XPS spectra and fitting results for the PtNi/g-CN sample before (labeled fresh) and after (labeled post) reaction.  
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performance as a function of the methanol-to-water ratio of the liquid 
phase, although a slight decay of activity is observed for methanol rich 
cases (Fig. 5B). Activity is here quantified for all samples using the re-
action rate and the quantum efficiency (Fig. 5C). The latter is the 
parameter recommended by the IUPAC to provide a quantitative 
assessment of the activity [26]. This comes out from the fact that 
quantum efficiency describes the performance of the catalyst per unit 
photon (Einstein) absorbed by the powder at reaction conditions. Thus, 

it provides a measurement of the photo-chemical properties of the cor-
responding solid surfaces independently of the light absorption capa-
bility of the powders [26,27]. The analysis of the quantum efficiency 
renders values of 0.19 %, 0.53 %, 4.5 % and 8.8 % for the CN, Ni/g-CN, 
Pt/g-CN and PtNi/g-CN samples, respectively. As already mentioned, 
the quantum efficiency provides definite proof that bare g-CN support as 
well as the Ni/g-CN sample show limited performance in the reaction. 
Pt-containing samples are able to increase the catalytic performance by 

Fig. 5. (A) H2 production evolution vs. time for the samples. (B) Stationary hydrogen production obtained for the PtNi/g-CN sample vs. the methanol to water 
content of the liquid phase. (C) Stationary reaction rate and quantum efficiency (QE). (D) H2 production vs. time for the PtNi/g-CN sample under three consecutive 
cycles. (E) Photoluminescence spectra for the samples. (F) Esquematic representation of the charge excitation and handling and main steps of the photo- 
catalytic process. 
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one order of magnitude with respect to the mentioned CN and Ni/g-CN 
powders. This is an expected result. More importantly, the binary PtNi 
co-catalyst is able to increase the result of the monometallic Pt/g-CN 
sample by a factor of 1.95. This occurs in spite of the lower content of 
the noble metal since the bimetallic sample uses roughly half of the Pt 
content. To the best of our knowledge, the PtNi/g-CN quantum effi-
ciency here measured is the top one among the previously reported 
studies using Pt and PtNi co-catalysts supported on carbon nitride forms 
(nanosheets, nanotubes and others) [18,19,42–47]. We remark that our 
study was carried out using renewable methanol and not using other 
reagents like TEOA. Using a non-renewable and expensive sacrificial 
molecule, in these works the reported quantum efficiency goes from ca. 
2.0–7.3 % [43–46]. As mentioned, our bimetallic system boosts the 
activity of the (reasonably active, 4.5 % quantum efficiency) Pt/g-CN 
sample and reaches a quantum efficiency of 8.8 % (Fig. 5C). 

Interestingly, the PtNi/g-CN sample also shows stable behavior 
under cycling conditions. Fig. 5D presents results for three consecutive 
cycles of reaction. Note that the stable rate indicates the continuous 
production of hydrogen in our reactor (hydrogen is constantly removed 
from the reactor), without important changes after the initial building- 
up period of each cycle. Therefore, the bimetallic sample does not 
display any sign of deactivation, confirming the goodness of the catalytic 
formulation for the photo-production of hydrogen. The inclusion of a 
binary co-catalyst in a carbon nitride-based formulation renders an 
active and stable photo-catalyst. 

The physico-chemical state of the solids after the reaction was 
investigated using a multi-technique approach. According to the surface 
area results, the morphology of the catalysts as well as the main physico- 
chemical characteristics of the carbon nitride phase are not altered 
(Table 1). Moreover, the UV–visible spectra and the analysis of the 
valence band position and band gap energy indicate that neither the 
optical properties of the solids suffer significant changes (Fig. 1D, S1, 
and Table 2). The behavior of the co-catalyst was also investigated by 
testing the XPS spectra after the reaction. First to note is that the metal to 
(C+N) atomic ratios are not significantly altered for the PtNi/g-CN 
sample if comparing data before/after the reaction. This powder pre-
sents values of 2.5/2.6 × 10− 3 mol. % in the case of Pt and 7.0/ 
7.0 × 10− 3 mol% in the case of Ni. Absence of the metals in the liquid 
phase after the reaction was demonstrated by ICP-AES. Thus, together, 
these two tests prove that the leaching of the metals during the reaction 
can be excluded. Second, the Ni oxidation state is essentially not 
changing in both the Ni/g-CN and PtNi/g-CN samples (Fig. 4 and S4). As 
mentioned, the rather close behavior of the majority of Ni in these two 
catalysts can be rationalized by the fact that the majority of Ni in the 
bimetallic samples is not influenced by the noble metal presence. The 
monometallic Pt sample also provides a Pt 4f peak without significant 
changes between the pre and post-reaction specimens (Figure S5). A 
similar situation takes place with the binary PtNi co-catalyst. The XRD 
pattern does not show any significant difference (Figure S7). This in-
dicates that the average chemical composition of the PtNi alloy co- 
catalyst as well as the average particle size of the particles are not 
altered under reaction conditions. However, a rather modest surface 
alteration could be detected using XPS. This modification decreases 
modestly the Pt(0) metal contribution, located at the core of the co- 
catalyst entities. However, this variation modified the Pt(0)/Pt(II) 
ratio at the surface layers by less than 15 %. 

To interpret the activity results, we carried out a photoluminescence 
study of the samples. The photoluminescence spectra of the catalysts are 
presented in Fig. 5D. For all samples, the spectra display a maximum at 
ca. 470 nm. The intensity of the signal corresponds to band-to-band type 
de-excitation events which mainly results from the n − π * electronic 
transitions involving lone pairs of nitrogen atoms in carbon nitride [48]. 
The intensity of the signal is a measure of the capability of the powder(s) 
to control the charge carrier recombination phenomenon. A lower in-
tensity would correspond to an improved charge handling capability 
through the decrease of the recombination and the increasing lifetime of 

the charge carrier species [6,18]. The comparison with the activity re-
sults (Fig. 5C) indicates a key effect of the co-catalyst in all samples. The 
co-catalyst is able to capture electrons, favoring the separation of charge 
and increasing the charge carrier lifetime and probability to be involved 
in chemical steps leading to hydrogen generation [13,14]. Using pho-
toluminescence, it becomes evident the strong correlation between the 
activity of all samples (Fig. 5C) and the control of the charge carrier 
recombination phenomenon (Fig. 5E). Therefore, the mentioned corre-
lation demonstrates the critical contribution of the co-catalyst to the 
control of the photoactivity and explains the activity behavior through 
the samples of the series. Such a contribution is schematically summa-
rized in Fig. 5F. After excitation with light, which separates charge at the 
carbon nitride main component, holes located at the valence band will 
attack the sacrificial molecule generating hydrogen ions. At the same 
time, electrons promoted to the conduction band of the support will be 
captured by the PtNi particles and will trigger the coupling of such 
hydrogen ions to generate the hydrogen molecule, which immediately 
desorbs and reaches the gas phase, allowing the continuous and stable 
production of the energy vector. 

4. Conclusions 

In this work, we studied the use of a binary PtNi co-catalyst deposited 
using careful synthetic colloidal procedures over a high surface area 
graphitic type carbon nitride nanosheet type support. In the resulting 
PtNi/g-CN sample, we observed that the noble metal is part of a Pt-rich 
alloy (averaged composition ca. 85 % Pt, 15 % Ni) with a surface layer 
where the noble metal dominates and becomes oxidized as an effect of 
the presence of the heterometallic bond. Such as oxidation does not 
occur in the case of the parent single-metal Pt system. The PtNi entities 
show a rather small primary particle size, about ca. 5 nm, with some 
particles connected in agglomerates of ca. 10–15 nm. The metals do not 
suffer any leaching process and are rather stable under reaction condi-
tions, with an absence of particle growth and/or significant changes in 
the overall chemical composition. The binary PtNi material was tested in 
the photo-production of hydrogen from methanol:water mixtures. The 
PtNi/g-CN system provides high and stable activity under cycling con-
ditions. Moreover, it renders a true quantum efficiency of 8.8 % for the 
photo-production of hydrogen. To our knowledge, this value is the top 
one among Pt-promoted carbon nitride-based catalysts. Specifically, 
when compared with a similar Pt/g-CN system, we observed a ca. 2.0 
factor for the activity enhancement measured using the quantum effi-
ciency parameter. The excellent performance is a direct consequence of 
the effect of the presence of PtNi-alloy nanoparticles and the effect of 
them on the handling of charge carriers produced under illumination, 
with a significant decrease in the charge carrier recombination and 
enhancement of the functional properties of the solid. 
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X. Li, M. Ángel Muñoz-Márquez, G. Teobaldi, M. Kociak, E. Paineau, A compact 

photoreactor for automated H2 photoproduction: revisiting the (Pd, Pt, Au)/TiO2 
(P25) Schottky junctions, Chem. Eng. J. 459 (2023), 141514, https://doi.org/ 
10.1016/j.cej.2023.141514. 
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