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a b s t r a c t

Traditional photo-electcatalyst structures of small noble metal nanoparticles assembling into large-scale

photoactive semiconductors still suffer from agglomeration of noble metal nanoparticles, insufficient

charge transfer, undesirable photoresponse ability that restricted the photo-electrocatalytic performance.

To this end, a novel design strategy is proposed in this work, namely integrating small-scale photoac-

tive materials (doped graphene quantum dots, S,N-GQDs) with large-sized noble metal (PdP) nanoflow-

ers to form novel photo-electrocatalysts for high-efficient alcohol oxidation reaction. As expected, supe-

rior electrocatalytic performance of PdP/S,N-GQDs for ethylene glycol oxidation is acquired, thanks to the

nanoflower structure with larger specific surface area and abundant active sites. Furthermore, nonmetal P

are demonstrated, especially optimizing the adsorption strength, enhancing the interfacial contact, reduc-

ing metal agglomeration, ensuring uniform and efficient doping of S,N-GQDs, and ultimately significantly

boost the catalytic activity of photo-electrocatalysts.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Direct liquid fuel cells (DAFCs), compared with traditional fossil

fuels, can completely convert the contained chemical energy into

mechanical energy, whose efficiency is not limited by the Kano cy-

cle [1–3]. Moreover, solar energy is a kind of renewable green en-

ergy source. Therefore, the effective combination of DAFCs with so-

lar energy using photoelectrocatalytic technology can increase the

utilization of energy [4,5]. Regrettably, several challenges such as

insufficient reaction kinetics and toxic effects of intermediate prod-

ucts still limit the practical application of photo-electrolytic tech-

nology [6]. To this end, the rational design and development of

more efficient and stable photoelectcatalysts are crucial [7,8]. At

present, abundant photoelectcatalysts are constructed through de-

positing noble metal nanoparticles onto some large-sized photoac-

tive materials (e.g., nanotubes, nanowires, and nanosheet) [9,10].

Unfortunately, the lack of neighboring coordinating atoms on the

metal nanoparticles surface, the high surface energy that predis-

poses them to agglomeration make the catalytic activity and life-

time of photoelectcatalysts greatly reduced [11–15]. To this end, a

novel design method, assembling small-sized photoactive materials
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into large-sized noble metal nanocatalysts could (1) significantly

elevate the degree of light response; (2) substantially boost charge

transfer efficiency is able; (3) make full use of precious metals,

thereby acquiring superior photo-electrocatalytic performance.

In view of that, precise design and rational regulation of

metal nanostructures and small-sized photoactive semiconductors

are essential. Among numerous large-sized nanostructures, three-

dimensional freestanding nanoflowers with abundant active sites,

large specific surface area, and convenient tuning of electronic

structures can efficaciously promote the sufficient contact of cat-

alysts with active molecules, with promising applications [16–20].

Sulfur-nitrogen-doped graphene quantum dots (S,N-GQDs) are a

new zero-dimensional carbon material with high visible light ab-

sorption capacity and adjustable Fermi energy level, which can

be used as electron transport medium and photosensitizer, induc-

ing efficient separation of electron-hole pairs, thereby improving

catalytic performance [21–23]. Therefore, noble metal nanoflowers

combined with S,N-GQDs can construct a novel and more efficient

photoelectcatalyst.

In addition, the appropriate interaction force between the two

is essential to optimize the adsorption strength and reduce ag-

glomeration to ensure the uniform and availably doping of S,N-

GQDs onto noble metal nanoflowers. Studies [24–27] have shown
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that combination of nonmetal elements and noble metals can

modulate the electronic structure of noble metal, modify the noble

metal surface, and thus properly enhance the interaction. This is

due to the high electronegativity of nonmetal elements, especially

phosphorus atoms, easily polarize the surrounding atoms and thus

can change the density of electron clouds [28,29]. At the same

time, nonmetal elements can form more chemical bonds with het-

eroatom doped carbon-based materials, which further reinforce the

interaction [30,31].

Different from the traditional photoelectcatalyst design concept,

in this work, a novel PdP/S,N-GQDs photoelectcatalyst was con-

structed by combining a small photoactive material with noble

metal nanoflower, as shown in Scheme S1 (Supporting informa-

tion). Interestingly, the PdP/S,N-GQDs exhibited the best photoelec-

trocatalytic activity and durability, consistent with the expected

results. This work confirms that small-sized photoactive materials

combine with large-sized noble metal nanomaterials is a rather ef-

ficient way to construct novel and efficient photoanode catalysts

and provides a new avenue for the rational design of visible light

assisted fuel cell anode catalysts in the future.

SEM, TEM, and EDX were used to explore the morphology,

structure of the prepared catalysts. The SEM (Figs. 1A and B) and

TEM (Figs. 1C and D) results display that Pd and PdP nanoflow-

ers were assembled through a large number of nanosheets and the

addition of P elements and S,N-GQDs did not affect the structure

and morphology of catalysts. It can also be clearly observed that

S,N-GQDs were well dispersed on the surface of PdP nanoflow-

ers. Furthermore, the lattice size and crystal plane arrangement of

PdP and PdP/S,N-GQDs studied by high-resolution TEM. It is cal-

culated that the lattice spacing of PdP is about 0.22nm (Fig. 1E),

corresponding to the crystal plane of PdP (111) [32,33]. Moreover,

the lattice spacing of S,N-GQDs was about 0.25nm (Fig. 1F), cor-

responding to the S,N-GQDs [22,34]. Furthermore, in the obtained

PdP/S,N-GQDs sample, the corresponding element mapping indi-

cated the existence of C, N, O, P, S, and Pd elements in the sample

(Fig. 1G).

The crystal structures of the samples were investigated by XRD.

As presented in Fig. 2A, the diffraction peaks of as prepared sam-

ples are matched with the crystal planes of Pd face-centered cubic

Fig. 1. SEM images of (A) Pd and (B) PdP. TEM and HRTEM images of (C, E) PdP

and (D, F) PdP/S,N-GQDs. (G) TEM-EDX mapping of PdP/S,N-GQDs.

(FCC) [34]. Howbeit, the characteristic peaks of P and S,N-GQDs are

not be observed, which is due to the absence of crystal structure

of S,N-GQDs and low P content, respectively.

Fig. 2B exhibits the C 1s XPS (X-ray photoelectron spectroscopy)

high-resolution spectra of PdP/S,N-GQDs and Pd/S,N-GQDs, four

major peaks at 284.8, 285.5, 286.5 and 288.2 eV are found, which

belong to C=C, C-S/C–N, C–O, and C=O, respectively [35]. The large

contributions of C=C and C–N/C-S indicate that structure of the

graphite matrix is mainly composed of C-bonded and there is a

strong interactions between S and N atoms, while C–O and C=O

are mainly assigned to carboxylate groups or carbonyl [36]. The P

2p spectrum in Fig. 2C showed the P element within the PdP/S,N-

GQDs. Meanwhile, strong P-S and P-N convolution peak can be

clearly observed, indicating the exsitence of chemical bonds be-

tween P and S, N [37]. Figs. 2D and E display S 2p and N 1s XPS

spectra of the samples. As for the S 2p XPS spectrum of Pd/S,N-

GQDs, four peaks are assigned to S-N, S-Pd, and S-O, respectively.

The three characteristic peaks of N 1s XPS spectra of Pd/S,N-GQDs

belong to N-Pd, C–N-C, and N–H, respectively. When nonmetal P

was introduced, it was found that convoluted peaks of S-P and N-

P at 163.3 eV and 399.3 eV, respectively, which strongly evidenced

that P can enhance the interaction force [38]. As shown in Fig. 2F,

the Pd 3d XPS spectrum of PdP/S,N-GQDs show peaks at 337.3 eV

and 342.5 eV, 335.6 eV and 340.8 eV are attributed to the Pd 3d3/2

and Pd 3d5/2 of Pd(II) and Pd(0), respectively. Evidently, the peak of

Pd(0) is obviously higher than that of Pd(II), manifesting that most

Pd atoms are reduced and Pd(0) dominates in the reaction envi-

ronment [38]. Interestingly, the Pd 3d deconvolution peak position

of PdP/S,N-GQDs electrode was negatively shifted compared with

pure Pd, which confirmed the existence of charge transfer and in-

teraction between PdP and S,N-GQDs.

It is well known that one of the important indicators to evalu-

ate the catalytic performance of catalysts is the electrochemically

active surface area (ECSA). The ECSA of the catalysts was calcu-

lated from the hydrogen adsorption/desorption peak region on the

CV (cyclic voltammetry) curve in Fig. S1 (Supporting information).

From the calculations, the ECSA values of PdP/S,N-GQDs (1388.55

cm2/mg), Pd/S,N-GQDs (658.73 cm2/mg), PdP (30.27 cm2/mg),

and Pd (3.17 cm2/mg) electrodes, respectively. Undoubtedly the

PdP/S,N-GQDs electrode has the largest ECSA value, which means

that the PdP/S,N-GQDs electrodes had more active sites as well as

higher catalytic performance.

The photoelectrocatalytic performance of the samples was eval-

uated by the oxidation reaction of ethylene glycol. Among them,

the catalytic performance of the prepared catalysts was evaluated

by CV tests (Fig. 3) under different conditions. Firstly, the GCE

has no impact on the measurements of catalytic performance of

electrode materials (Fig. S2 in Supporting information). It is well

known that the positive sweep curve peak current density (Ip) is

a standard indicator to measure the catalytic performance of elec-

trodes [25]. As shown Fig. 3A, it can be clearly observed that the

PdP electrode has a significantly higher positive oxidation peak

than pure Pd electrode. After modification by S,N-GQDs, the Ip of

PdP/S,N-GQDs is not only higer than PdP electrode, but also higher

than PdP/GQDs. When visible light was introduced, as displayed

in Fig. 3C, the Ip continued to increase and reached 18.5 A/mgPd,

which was 3.1 and 5.2 times higher than that of Pd/S,N-GQDs and

PdP/GQDs under the same condition, respectively. Meanwhile, to

facilitate the observation, the areal activity and mass activity of

catalytic oxidation of ethylene glycol with different electrodes were

examined, as depicted in Figs. 3B and D. Impressively, the above

results demonstrated that PdP/S,N-GQDs electrode possessed ex-

cellent performance of EGOR, which was much higher than that of

the previously reported EGOR photoelectcatalysts (Fig. 3E) [18,39-

43]. The results showed that the introduction of nonmetal P and

the modification of S,N-GQDs greatly increased the charge trans-

2



X. Huang, Z.-L. He, Y. Chen et al. Chinese Chemical Letters 35 (2024) 109271

Fig. 2. (A) XRD patterns of different catalysts. XPS high-resolution survey of (B) C 1s, (C) P 2p, (D) S 2p, (E) N 1s, (F) Pd 3d of (a) PdP/S,N-GQDs, (b) Pd/S,N-GQDs, and (c)

pure Pd.

Fig. 3. (A, C) CV curves of different electrodes without and with visible light irradiation in 1.0mol/L EG+1.0mol/L KOH solution at a scan rate of 50mV/s. (B, D) The

histogram of mass and specific activities of the electrodes. (E) EGOR performance of PdP/S,N-GQDs and reported photoelectrocatalysts for comparison in alkalinity electrolyte.

fer efficiency of the catalysts, decreased the photoelectron hole re-

combination rate, and significantly improved the catalytic oxida-

tion ability of the PdP/S,N-GQDs composite electrodes.

From an application perspective, toxicity resistance and long-

term durability are also essential criteria for evaluating catalysts.

Accordingly, CP and I-t were measured to evaluate the toxicity re-

sistance and durability of the catalysts. The anti-toxic ability of

the catalysts was judged by the length of polarization time, i.e.,

longer polarization times indicate better resistance to toxicity [44].

As displayed in Fig. 4A, PdP/S,N-GQDs electrodes displayed the

longest polarization times under dark condition compared to other

electrodes. The duration of PdP/S,N-GQDs electrode reached up to

8846 s when visible light was introduced, which was 2.15 times

longer than that under dark condition, illustrating that the visi-

ble light assisted PdP/S,N-GQDs catalyst exhibited excellent anti-

toxic ability. Subsequently, I-t experiments were used to test the

stability of the samples, as shown in Fig. 4B, the results showed

that the mass activity of PdP/S,N-GQDs under dark conditions was

higher than other catalysts in the dark, which was 10.4, 35.2, and

55.6 times higher than that of Pd/S,N-GQDs, PdP, and the Pd, re-

spectively, after 3600 s. Moreover, the stability of the PdP/S,N-GQDs

electrode was further boosted when visible light was introduced,

with a mass activity as high as 884.9mA/mgPd. The above phe-

nomena illustrated that PdP/S,N-GQDs composite electrodes exhib-

ited much better anti-toxicity ability, and durability under the as-

sistance of visible light compared with Pd/S,N-GQDs, PdP, and Pd

electrodes.

To examine the response capability of the samples to visi-

ble light, transient photoresponse curves were acquired, as de-

picted in Fig. 4C. The results showed that the photocurrent density

of PdP/S,N-GQDs reached 432.4mA/mgPd, which was 3.55 times

higher than that of Pd/S,N-GQDs. The higher photocurrent re-

sponse confirmed the efficient transfer and separation of photo-

generated electron-hole pairs in PdP/S,N-GQDs electrodes. This is

due to that the addition of nonmetal P can effectually regulate the

electronic structure, thus facilitating the separation of photogen-

erated electron-hole pairs [36,45]. Furthermore, during the on/off

cycle, the responding photocurrent appeared repeatedly, which fur-

ther proved that the catalysts possessed strong stability and anti-

toxic ability.

The charge mobility of the interface between these electrodes

in the presence and absence of visible light was further inves-

tigated using EIS tests. It is well known that the smaller the

impedance arc radius, the faster the charge transfer [37]. The

EIS spectra of PdP/S,N-GQDs electrodes at various potentials were

measured in alkaline electrolyte solution, as shown in Fig. S3 (Sup-
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Fig. 4. (A, B) CP curves and I-t curves of (a, b) PdP/S,N-GQDs, (c, d) Pd/S,N-GQDs,

(e) PdP, and (f) Pd electrodes with and without visible light illumination. (C) Pho-

tocurrent response curves of the samples. (D) Nyquist diagram of the different elec-

trodes under light and dark conditions. (E, F) Tafel curve slopes of (a, d) PdP/S,N-

GQDs, (b, e) Pd/S,N-GQDs (c, f), PdP/GQDs, (g) PdP, and (h) Pd with and without

visible light in 1.0mol/L EG+1.0mol/L KOH solution.

porting information). It is known from the figure that the poten-

tial of the smallest arc radius of PdP/S,N-GQDs electrode is −0.2V

under both light and dark conditions, indicating faster interfacial

charge migration at this potential. Consequently, the potential of

the EIS spectra test of different electrodes was at −0.2V, as shown

in Fig. 4D, the variation trend of impedance was similar to the

I-t performance of the samples. The samllest arc radius (Rct) was

obtained when the PdP/S,N-GQDs electrode was irradiated under

visible light, indicating that visible light illumination decreases

their electron transfer resistance and thus increases the interfa-

cial charge electron transfer rate. To display the charge transfer

resistance parameters intuitively, the EIS spectra were fitted with

the equivalent circuits. Where Rs, Rct, and Qs represent the elec-

trolyte resistance, charge transfer resistance, and constant phase

element (CPE), respectively [38]. Table S1 (Supporting information)

summarizes the numerical size of Rct of the different samples. The

results show that the separation efficiency of the photogenerated

electron hole pairs, as well as the interfacial charge transfer rate

of the PdP/S,N-GQDs composite electrodes, are greatly enhanced

compared with those of the other electrodes, which can greatly in-

crease the catalytic performance. In addition, to further probe the

charge migration characteristics as well as the oxidation kinetic

characteristics of the catalysts, LSV tests, and the corresponding

Tafel slopes were performed, as displayed in Figs. 4E and F. The LSV

curves (Fig. S4 in Supporting information) show that the PdP/S,N-

GQDs electrode has a lower onset potential and higher current

density compared with other electrodes under dark conditions, and

this result is consistent with the above CV. Moreover, the onset

potential of the PdP/S,N-GQDs electrode under visible light con-

ditions was further negatively shifted, and the current density in-

creased somewhat, much higher than that of the Pd/S,N-GQDs, and

PdP/ GQDs electrodes under light condition. Meanwhile, the Tafel

Fig. 5. Proposed the mechanism of photoelectrocatalytic oxidation of glycol alcohol

by PdP/S,N-GQDs electrode under the assistance of visible light.

slope curves of catalysts were calculated from the Tafel equation

and fitted curves. It is well known that the faster the kinetic speed

of the catalytic reaction, that is, the smaller the Tafel slope. As

can be seen from Fig. 4F, PdP/S,N-GQDs (40.24mV/dec) possessed

much smaller Tafel slopes compared with those of Pd/S,N-GQDs

(60.84mV/dec), PdP/GQDs (74.41mV/dec), PdP (100.25mV/dec), Pd

(116.95mV/dec) under dark conditions. When visible light was

introduced (Fig. 4E), the Tafel slope of PdP/S,N-GQDs was fur-

ther reduced to 15.92mV/dec, which was smaller than that of

Pd/S,N-GQDs (47.41mV/dec), PdP/GQDs (66.84mV/dec). The above

phenomena indicated that the PdP/S,N-GQDs electrode exhibited

higher charge mobility and better oxidation kinetic rate under the

assistance of visible light.

Obviously, the PdP/S,N-GQDs electrode demonstrates remark-

able catalytic performance, excellent stability, and potent anti-

virulence ability under visible light assistance. The proposed mech-

anism for ethylene glycol oxidation involves two distinct processes:

electrocatalysis and photocatalysis, as illustrated in Fig. 5. The

mechanism was analyzed by XPS, revealing that the Pd 3d decon-

volution peak position of the PdP/S,N-GQDs electrode was nega-

tively shifted compared to pure Pd, confirming the existence of

charge transfer and interaction between PdP and S,N-GQDs. When

nonmetal P was introduced, it was able to find convoluted peaks

S-P and N-P at 163.3 eV and 399.3 eV, respectively, which was com-

pelling evidence that P can enhance the interaction force. Fur-

thermore, the nanoflower structure assembled from nanoflakes of

PdP/S,N-GQDs composite catalysts provides a larger specific surface

area and more active sites, thereby facilitating catalytic reactions.

Consequently, the electrocatalytic properties of the catalysts were

significantly augmented.

Under visible light conditions, the S,N-GQDs generate a great

number of photogenerated electrons that rapidly transfer to the

surface of PdP nanoflowers, resulting in improved electron-hole

separation efficiency. However, the photo-generated holes exhibit

robust oxidative properties and can oxidize H2O/OH
− to form ac-

tive superoxide hydroxyl radicals (•OH). Then •OH further oxidizes

organic small molecules such as ethylene glycol adsorbed on the

surface of catalyst to form a photo-assisted catalytic process. As a

result, the catalytic effect of PdP/S,N-GQDs on ethylene glycol is

significantly enhanced under visible light assistance. The electro-

catalytic and photo-catalytic specific pathways are presented in the

supporting information.

In this paper, a novel approach involving the assembly of small-

scale photoactive materials into large-scale noble metal nanoflow-

ers has been developed to create innovative photo-electrocatalysts

(PdP/S,N-GQDs) for highly efficient ethylene glycol oxidation reac-
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tions. Remarkably, the PdP/S,N-GQDs photo-electrocatalyst exhibits

exceptional catalytic activity, resistance to toxicity, and long-term

stability. which is due to the increased photo-response intensity

and the accelerated electron-holes separation via the introduction

of S,N-GQDs. Furthermore, the essential incorporation of nonmetal

P not only effectively tunes the electronic structure and generates

a large number of defects but also creates numerous additional ac-

tive sites. It can also reinforce the interaction force between Pd

and S,N-GQDs to make it uniform and effectively doped. This study

provides a rational strategy to design the photo-electrocatalysts

materials for anodes in DAFCs.
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