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Polyampholyte Graft Copolymers as Uni-
molecular Matrices for Noble Metal-Free 
and Visible Light-Driven Hydrogen Evolu-
tion by Eosin Y and Molybdenum Phos-
phide  

Vathsalya T. Sundarraja, Lingli Nib, Marius Hermesdorfb, Kilian 
Pollokc, e, Mariet Sibi Puthanagadyf, g, Benjamin Dietzek-
Ivanšićh, Falko Langenhorstc, e,  Martin Oschatzb, c, d, Felix H. 
Schachera, c, d, i* 

Light-driven water splitting is a promising way to sustainably produce 

hydrogen as a renewable energy carrier. For this, immobilization of different 

catalytically active building blocks within soft and adaptive matrices plays a 

key role towards the defined preparation of multi-component hybrid 

materials. Herein, we present a combination of molybdenum phosphide 

(MoP, catalyst) and eosin Y (EY, photosensitizer), both immobilized within 

polyampholytic polydehydroalanine-graft-n-propyl phosphonic acid 

acrylamide (PDha-g-nPAA) graft copolymers. Analytical techniques such as 

nuclear magnetic resonance (NMR) and raman spectroscopy confirmed 

successful graft copolymer formation, while X-ray photoelectron 

spectroscopy (XPS) and transmission electron microscopy (TEM) analyses 

further confirmed the immobilization of the EY and MoP, as evidenced by 

characteristic elemental signals and discrete MoP crystallites within the graft 

copolymer matrix. The catalytic activity for hydrogen evolution was 

investigated in aqueous triethanolamine (TEOA) solutions under green light 

irradiation (λ ≥ 500 nm). This resulted in improved hydrogen production (>1.4 

mmolH2 . h-1. g-1) when compared to a system without graft copolymer (~0.9 

mmolH2 . h-1. g-1). The catalytic activity is attributed to the ability of the graft 

copolymer to stabilize and spatially confine the active units, while 

simultaneously acting as a bridge to facilitate proton and electron transfer 

between the EY and MoP. 

Introduction  

Studies for a cleaner and more eco-friendly approach to pro-

duce energy are important to reduce human’s dependency on 

non-renewable energy resources. One of the most promising al-

ternatives is the large-scale utilization of hydrogen (H2) as a re-

cyclable energy carrier. It can be used in fuel cells and produces 

no greenhouse gas emissions when combusted with oxygen, as 

the only significant product is water vapor.[1] Therefore, re-

searchers are developing a wide range of technologies to pro-

duce hydrogen economically and sustainably, primarily via wa-

ter electrolysis but also from other feedstocks such as natural 

gas and biomass. Among these, light-driven solar water splitting 
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stands out as a promising approach to reduce dependence on 

fossil fuels by directly harnessing solar energy.[2] Extensive ef-

forts have been made in the search for catalyst materials that 

work under visible light to efficiently utilize solar energy [3, 4]. 

Recent approaches towards hydrogen evolution are therefore 

targeting visible-light harvesting through use of photosensitiz-

ers,[5] introduction of co-catalysts,[6] band gap engineering,[7] 

electron relays such as polyoxometalates,[8] or the use of novel 

semi-conducting materials.[9]  

Xanthene dyes, a class of low-cost organic compounds which 

function as photo-redox catalysts, have proven to be excellent 

sensitizers for light-driven hydrogen evolution reaction 

(HER).[10] Eosin Y, a widely used xanthene dye, is employed not 

only in ternary photosensitization systems composed of dye, 

semiconductor, and cocatalyst, but also in binary systems com-

posed of dye and cocatalyst.[10] Recently, transition metal phos-

phides (TMPs) have gained attention as water-splitting catalysts 

and co-catalysts due to their excellent catalytic properties, long-

term stability, and the ability to catalyse both HER and oxygen 

evolution reactions (OER) in alkaline solutions.[11] Early research 

focused on Ni- and Co-based phosphides as non-platinum alter-

natives for hydrogen evolution.[12, 13] Recently, molybdenum 

phosphides (MoP and MoP2) became highly desirable co-cata-

lysts among TMPs due to their high electronic conductivity and 

low HER overpotential. These materials have been widely em-

ployed as electrocatalysts for HER.[14, 15] Dada et al. demon-

strated that crystallographic facets enhance the catalytic per-

formance of MoP.[16] The metallic conductivity of MoP facili-

tates the efficient migration of photo-generated carriers,[17, 18] 

and it is also considered an effective ‘H delivery’ system,[19, 20] 

making it increasingly popular for photocatalytic HER applica-

tions. Typically, MoP is synthesized using orthophosphate as the 

phosphorus source via the temperature-programmed reduction 

(TPR) method at high temperatures (>650°C) under H2 or H2/Ar 

atmospheres.[21, 22] However, an alternative has been reported 

by Xu et al., utilizing hypophosphite as the phosphorus source 

and employing a simpler heat treatment process for TMP prep-

aration.[23]  

Given that the catalysis often occurs on the surface of catalysts, 

the improvement of compatibility between catalytic units and 

water is very critical yet often represents a challenge in hetero-

geneous catalysis. With respect to multi-component hybrid ma-

terials, the immobilization of catalysts, co-catalysts and photo-

sensitizers within polymer matrices plays a key role in integrat-

ing the individual components of light-driven catalytic systems. 

This has been realized on solid substrates such as semiconduc-

tors (p-Si)[24], carbon nanomaterials,[25] and metal oxides.[26] Soft 

matrices based on polyelectrolytes exhibit excellent dispersibil-

ity in aqueous environments, providing a stable colloidal scaf-

fold with multiple binding sites for various catalytic materials.[27] 

Recently, we reported two different polyampholyte graft copol-

ymers, poly(dehydroalanine)-graft-(n-propyl phosphonic acid 

acrylamide) (PDha-g-nPAA) and poly(dehydroalanine)-graft-

poly(ethylene glycol) (PDha-g-PEG), assisting organic photosen-

sitizers based on EY and perylene monoimides (PMI) in light-

driven catalytic hydrogen evolution with (NH4)2[Mo3S13].[27, 28] 

PDha serves as a suitable support with a high density of func-

tional (charged) groups that exhibit strong interactions with 

metal nanoparticles and dyes in water. Moreover, it contains 

positively charged amino groups as well as negatively charged 

carboxylic acid moieties, allowing for the specific interaction 

with various compounds.[29] Further modification by the intro-

duction of grafted side chains enabled improvements in solubil-

ity,[30] efficient dispersion of carbon nanomaterials,[31] and the 

use as multi-responsive sensors for the detection of metal cati-

ons.[32] 

Phosphonic acid-bearing polymers have also been reported as 

potential substrates for applications in tissue engineering and 

drug delivery.[33, 34] Polyacrylamides functionalized with phos-

phonic acids exhibited improved hydrolytic stability compared 

to their polyacrylate and polymethacrylamide analogues.[35] 

Nabiyan et al. reported that the attachment of phosphonic acid 

side chains to a PDha backbone increased solution stability and 

provided strong anchoring groups on the surface of TiO2 nano-

particles.[27]  

Herein, n-propyl phosphonic acid acrylamide (nPAA) is used to 

modify PDha towards tailor-made polyampholyte graft copoly-

mers. These are then used as unimolecular soft matter matrices 

to improve the stabilization and spatial confinement of both EY 

and molybdenum phosphide nanocrystals in aqueous media. 

This overall combination not only enables visible light-driven ca-

talysis but also facilitates the physical integration of materials, 

which has not been possible before. Although the mere combi-

nation of MoP and EY has already been reported, their hydro-

gen evolution performance is highly dependent on the mode of 

interaction due to issues like quenching and instability. These 

challenges have been effectively addressed by immobilization 

of both components within the polyampholyte graft copoly-

mers. 

Experimental section  

Chemicals 

N-(tert-Butoxycarbonyl)-D-serine methyl ester (Boc-Ester, 98%) 

was purchased from Carbolution Chemicals GmbH, Ingbert, 

Germany. BlocBuilder MA initiator was kindly provided by a co-

worker synthesized using the literature procedure.[36] Me-

thanesulfonyl chloride (>99.7%), n-propylamine (≥99%), etha-

nol (95%), ethyl acetate (99.8%), hexane (95%), trifluoroacetic 

acid (TFA, 99%), trioxane (≥99%), acryloyl chloride(97%), so-

dium molybdate dihydrate (Na2MoO4.2H2O, ≥99%), sodium hy-

pophosphite monohydrate (NaH2PO2.H2O, ≥99%), tetrahydro-

furan (THF, ≥99.9%), silica gel (for column chromatography), tri-

ethylamine (TEA, ≥99.5%), methanol (≥99.9%), hydrochloric 

acid (HCl, 37%), and  bromotrimethylsilane (TMSBr, 97%) were 

purchased from Sigma-Aldrich, Taufkirchen, Germany. Deuter-

ated solvents such as deuterium oxide (D2O), sodium deuterox-

ide 30% in D₂O (NaOD), chloroform-d (CDCl3) were purchased 

from Deutero GmbH, Kastellaun, Germany. Sodium sulphate 

(Na2SO4, 99%) was purchased from Grüssing GmbH, Filsum, 

Germany. Dichloromethane (DCM, ≥99.9%) was purchased 
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from VWR Chemicals, Dresden, Germany. Diethyl vinyl phos-

phonate (97%) was purchased from Fisher Scientific, Schwerte, 

Germany. 1,4 dioxane (≥99.5%), potassium bisulphate (KHSO4, 

≥99.9%), sodium hydroxide (NaOH, ≥98%), potassium hydroxide 

(KOH, ≥85%) were purchased from Carl ROTH, Karlsruhe, Ger-

many.  

Nuclear magnetic resonance (NMR) spectroscopy 

1H NMR spectra were performed on a Bruker AC 300 MHz using 

CDCl3, MeOD and D2O/NaOD as solvents at a temperature of 

298 K. The spectra were referenced by using the residual signal 

of the deuterated solvent.  

Dynamic Light Scattering (DLS) 

DLS measurements were performed using an ALV laser CGS3 

Goniometer equipped with a 633 nm HeNe laser (ALV GmbH, 

Langen, Germany) at 25 °C. Detection angle of 90° was used. 

The CONTIN analysis of the obtained correlation functions was 

performed using the ALV 7002 FAST Correlator Software. 

Zeta potential 

The measurements of the photocatalytic system were per-

formed using a Malvern Zetasizer Nano ZS equipped with a 633 

nm He–Ne laser. All measurements were conducted in the na-

tive state at 22 °C without further pH adjustment, resulting in a 

measured pH of approximately 9. The electrophoretic mobility 

was determined using the M3-PALS technique at a detection an-

gle of 13°, and the zeta potential was calculated using the 

Smoluchowski approximation. Each reported value represents 

the average of three independent runs. For each sample, meas-

urements were taken after an equilibration time of 120 sec-

onds. 

Size exclusion chromatography (SEC) 

SEC measurements using CHCl3 as eluent with flow rate of 1 

mL . min-1 was made using an Agilent 1260 Infinity system 

equipped with a 1260 ALS (G1310B) autosampler, 1260 

IsoPump (G1310B) and three consecutive PSS SDV, 5 µm, 8 × 

300 mm columns with polystyrene calibration. The column oven 

was set to 30°C, and signals were detected using a 1260 RID 

(G1315D) and a 1260 DAD VL (G1329B) detector. 

SEC measurements in DMSO were performed on a Jasco instru-

ment using DMSO with 0.5% LiBr as the solvent at a flow rate of 

0.5 mL . min-1 at 65 °C. Pullulan was used for calibration. The 

system was equipped with PSS NOVEMA 3000 °A/300 °A col-

umns, PU-980 pump, and a RI-930 detector. 

Thermogravimetric analysis (TGA) 

TGA measurements were carried out under air flow in a Perkin 

Elmer TGA800 device by heating from 30 °C to 1200 °C with a 

heating rate of 20 °C . min-1. 

 

Transmission Electron Microscopy (TEM) 

TEM images and selected area electron diffraction (SAED) pat-

terns were acquired with a 200 kV FEI Tecnai G2 FEG equipped 

with a 2k Gatan CCD camera. Chemical compositions were de-

termined by aid of an X-Maxn 80T SDD Oxford energy-dispersive 

X-ray (EDX) system. Samples were prepared by the deposition 

of 10 μL of the sample solution onto Quantifoil carbon support 

films using a Cu-400 support mesh for dry TEM and 2/2 holey 

carbon films on the same mesh for Cryo-Transmission Electron 

Microscopy (Cryo-TEM). Cryo-TEM samples were blotted and 

frozen by plunging into freezing liquid ethane using a Vitrobot 

Mark IV before being stored under liquid nitrogen and trans-

ferred to the microscope using a Gatan transfer stage. Micro-

graphs were evaluated using the software ImageJ. 

 

X-ray Photoelectron Spectroscopy (XPS) 

For XPS analysis the powder samples were pressed onto the 

sample holder using adhesive Cu-foil. The samples were then 

analyzed using the K-alpha spectrometer from Thermo Fisher. 

The measurement was performed in ultra-high vacuum condi-

tions. A flood gun, calibrated to C=C in PE 284.8 eV ± 0.1 eV, was 

employed for charge compensation. The recorded spot size was 

400 µm. For compositional data, survey spectra were recorded 

with a step size of 1 eV and a pass energy of 100 eV. High-reso-

lution C1s, O1s, Mo3d, P2p and Br3d spectra were obtained 

with a step size of 0.05 eV and a pass energy of 30 eV, with 5 

scans for each sample. All spectra were analyzed using Avantage 

v6.6.0 software from Thermo Fisher Scientific. 

Ultrasonication 

Ultra sonification was carried out using a Sonic VibraCellVC505 

500 watt Ultrasonic processor. To reduce noise, a sound abating 

enclosure was used. 

Powder X-Ray Diffraction 

X-ray diffraction (XRD) pattern was recorded on a Bruker D8 Advance 

X-Ray diffractometer (Germany) operating with Cu Kα radiation. The 

measurement was carried out at an operating voltage of 40 kV and 

40 mA. The diffraction pattern was collected over a 2θ range of 20° 

to 80° with a step size of 0.01° and a dwell time of 30 seconds per 

increment. 

Phase quantification was conducted via Rietveld refinement using 

Profex 5 software with BGMN engine. Structural models 

for MoP and MoP₂ were based on the crystal structures reported 

by Rundquist and Lundström (1963).[37] To accurately model the 

complex background and non-crystalline components, two broad 

amorphous peaks centered at peaks 23° and 36° (2θ) were included 

in the refinement strategy.  

 

Fourier-transform Infrared spectroscopy (FT-IR) 

FTIR spectra were recorded on a PerkinElmer Frontier spectrometer 

equipped with a Specac Golden Gate ATR accessory featuring a high-

temperature diamond top plate and an integrated temperature con-

troller. Spectra were collected in the range of 400–4000 cm⁻¹. 

 
Fourier-transform Raman spectroscopy (FT-Raman) 

FT-Raman spectra were acquired using a Bruker MultiRam Fourier-
transform Raman spectrometer (Bruker Corporation, USA) equipped 

Page 3 of 14 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
0/

20
26

 4
:5

2:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA00720A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta00720a


ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

with a Nd:YAG laser (1064 nm, Klastech DeniCAFC-LC-3/40). Meas-
urements were performed in the range of 0–4000 cm⁻¹ at a spectral 
resolution of 4 cm⁻¹. An incident laser power of 500 mW was used, 
with 500 scans averaged per acquisition. Data were processed using 
background correction and vector normalization to ensure compara-
bility. 

Nitrogen physisorption 

Specific surface areas and porosity were characterized using a Quad-

rasorb SI apparatus (Quantachrome Instruments) at 77 K. Prior to 

measurement, samples were outgassed at 398 K under vacuum over-

night. The specific surface area of MoP was calculated using the 

multi-point Brunauer–Emmett–Teller (BET) method (p/p0 = 0.05-

0.30), yielding a value of 24 m² . g-1. Total pore volume was assessed 

from the adsorption branch at p/p0 = 0.99.  

Time-resolved emission measurement 

For lifetime measurements, a Hamamatsu streak camera scope 

C4334 (Hamamatsu Photonics, Japan) was used with a streak 

time window of ~ 2ns. The laser source was a Ti-sapphire laser 

(Spectra physics Tsunami HP, pumped by a Verdi V10, Coherent 

laser) that delivered 200-fs pulses centered at 800 nm with a 

repetition rate of 76 MHz and an average output power of 1.4 

W. This train of pulses was used to pump an optical parametric 

oscillator (OPO) (APE), which generated a train of pulses cen-

tered at 505 nm, which were attenuated to a power of <20 mW 

and used  for exciting the sample. Two quartz glass lenses with 

a 2-inch diameter and a 150 mm focal length were used to col-

lect emission. The instrument response function was measured 

using SiO2 nanoparticles and was found to be around 40 ps. A 

Princeton Instruments Acton SP2300 imaging spectrograph is 

used to filter specific wavelength ranges, which are then meas-

ured by the attached Hamamatsu streak camera. 

All samples were prepared in a glovebox and measured in a 1 

cm quartz inert cuvette with DI water as the solvent. The meas-

urement was performed in photon-counting mode (MCP gain 

17, time range 5) with the emission central wavelength set to 

535 nm. All data were processed and fitted using OriginLab 

2024b software. 

Steady-state measurements 

All samples were prepared in a glovebox and measured in a 1 

cm quartz cuvette. UV-Vis absorption spectra were measured in 

the range between 400 and 800 nm using a Jasco V-780 

UV/vis/NIR spectrophotometer in transmission mode. Baseline 

correction was done in air, and samples were measured with DI 

water as reference. Emission measurements were done using 

an EdInst FLS980 spectrofluorometer at an excitation wave-

length of 480 nm. 

A detailed description on the synthesis procedures, photocata-

lytic hydrogen evolution with characterization data can be 

found in the Supporting Information. 

Results and Discussion 

Synthesis and characterisation of PDha-g-nPAA 

High-grafting density of various side chains onto polydehydroa-

lanine has been previously reported [29-31]. In this work, phos-

phonic acids were selected as the grafting agent, as it was an-

ticipated that a strong interaction with MoP would allow an ef-

ficient immobilization within the graft copolymer matrix. The 

synthesis began with the monomer, tert-butoxycarbonyla-

minomethylacrylate (tBAMA), followed by nitroxide-mediated 

polymerization using alkoxyamine initiator  N-(2-methylpro-

pyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carbox-

ylprop-2-yl) hydroxylamine (BlocBuilder MA) to form poly(tert-

butoxycarbonylaminomethylacrylate) (PtBAMA). TFA/H₂O-me-

diated deprotection of PtBAMA resulted in complete Boc re-

moval (100%) and partial methyl ester hydrolysis (~94%), yield-

ing the statistical copolymer polydehydroalanine-stat-poly(ami-

nomethyl acrylate) (PDha-stat-PAMA) as the reactive polymeric 

backbone. N-propyl phosphonic acid acrylamide (nPAA) was ob-

tained by complete deprotection of the ethyl groups from the 

phosphonic acids (n-propyl-n-(2-(diethoxy phosphoryl)ethyl) 

acrylamide (nPEA)) using bromotrimethylsilane and was suc-

cessfully grafted onto PAMA via an aza-Michael addition 

(Scheme 1). During the grafting process, the pH was maintained 

at 13, completing hydrolysis of residual methyl esters to carbox-

ylic acids via saponification and promoting concurrent conver-

sion of PAMA to polydehydroalanine (PDha, Scheme 2). The re-

sulting graft copolymer exhibited a lower number average mo-

lecular weight with Mn = 13,500 and dispersity Đ = 1.6 (Figure 

S1). Table 1 presents the number average molecular weight, de-

gree of polymerization (DP), and degree of functionalization 

(DoF), all calculated from NMR and SEC data. 

Table 1: Molecular characteristics of synthesized PtBAMA, PAMA, and PDha-g-nPAA de-

termined by SEC and NMR 

Mn: Number-average molecular weight; DP: Degree of polymerization; DoF: Degree of 

functionalization. PtBAMA and PAMA for SEC were analyzed in CHCl₃ using polystyrene 

calibration; PDha-g-nPAA was analyzed in DMSO using pullulan calibration. 

 

 

 

 

Sample Mn, DP, DoF Dispersity 

PtBAMA 69,400 (DP = 290) 1.6 

PAMA 29,000 2.1 

PDha-g-nPAA 13,500 (DoF =  0.37) 1.6 

Scheme 1: Synthesis of the grafting agent (nPAA) 
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The 1H NMR spectra of nPAA indicate that the protecting groups 

(ethyl ester) have been successfully removed (Figure S2). In the 
1H NMR spectra of PAMA and PDha-g-nPAA, the polymer back-

bone peak is clearly visible (~2.3 ppm), and the rest of the peaks 

from PDha-g-nPAA can be assigned to the grafting agent (Figure 

S3). Therefore, the DoF was found to be 0.37 when using 2 

equivalents of grafting agent. In addition, Raman spectroscopy 

further confirms the presence of nPAA in the graft copolymer 

(Figure S4a). Additionally, 31P NMR spectrum of the graft copol-

ymer exhibits a distinct peak that corresponds to phosphonic 

acid groups around 16-18 ppm, further confirming the success-

ful grafting of nPAA (Figure S4b). While higher DoFs are possible 

when using larger amounts of grafting agent (5, 8 and 9 equiva-

lents), preliminary synthetic trials resulted in graft copolymers 

with poor aqueous solubility, presumably due to intramolecular 

complexation taking place. Therefore, a DoF of 0.37 has been 

selected for this study. 

Synthesis and characterisation of molybdenum phosphide (MoP) 

The synthesis of MoP was adapted from the procedure reported 

by  Xu et al.[23] and involved grinding sodium molybdate dihy-

drate and sodium hypophosphite monohydrate in an agate 

mortar, followed by calcination at 400 °C in a nitrogen atmos-

phere. The resulting product was washed, acid-etched, dried, 

and collected as a powder. The crystallinity and morphology of 

the synthesized material are confirmed by XRD and high-reso-

lution transmission electron microscopy (HRTEM) (Figure 1). 

The X-ray and electron diffraction data are in line with the struc-

ture of hexagonal MoP in space group P6̅m2 reported by Rund-

quist and Lundström[37] (Figure 1a). The XRD pattern was refined 

by the Rietveld method, confirming hexagonal MoP (>95 wt%) 

as the major phase with excellent fit statistics (weighted profile 

R-factor Rwp = 4.62% and goodness-of-fit χ² = 1.46) and yielding 

an anisotropic crystallite size of approximately 30 nm (27–31 

nm depending on direction). Trace MoP₂ (~4.5 wt%) accounts 

for the additional minor peaks observed. This P-rich impurity 

arises from the synthesis conditions and does not significantly 

impact catalytic performance, as MoP₂ exhibits comparable hy-

drogen evolution reaction (HER) activity to MoP due to similar 

phosphide electronic properties[38, 39]. Energy-dispersive X-ray 

spectroscopy (EDX) analysis further suggests a slight deviation 

from the stoichiometric molybdenum-to-phosphorus ratio of 

1:1, with elemental compositions of 48% molybdenum 

and 52% phosphorus (Figure 1b). Additional signals from O and 

Na are observed, which can be originating from the precursors. 

XPS confirms the presence of Mo and P at the surface and also 

shows a C 1s contribution of ~15 at%, arising from ubiquitous 

adventitious hydrocarbons. This surface carbon contamination 

is typical for air-exposed in-organic powders and does not affect 

the bulk Mo:P stoichiometry determined by EDX. (Table S1 and 

Figure S6a). The Selected Area Electron Diffraction (SAED) pat-

tern exhibits well-defined concentric rings that can be indexed 

to the characteristic lattice spacings of hexagonal MoP, confirm-

ing its crystalline nature (Figure 1c). HRTEM images further re-

veal distinct lattice fringes with crystalline domains up to 20 nm 

(Figure 1d). This is reasonably consistent with the XRD-derived 

crystallite size, noting that XRD provides an ensemble-averaged 

value whereas HRTEM visualizes individual domains. These re-

sults collectively verify the crystalline structure and nanoscale 

morphology of the synthesized MoP. Furthermore, the textural 

properties of the MoP were characterized by N2 physisorption. 

The material exhibited a specific surface area of 24 m² . g-1. As-

suming an equivalent spherical geometry and a theoretical den-

sity of 7.12 g . cm-3, this corresponds to a particle radius of ap-

proximately 17.6 nm. The parity between the XRD and N2 phy-

sisorption data (17.7 vs. 17.6 nm) confirms that the material ex-

ists as discrete crystalline units, supporting the structural model 

used for subsequent stoichiometric calculations. 

Preparation and characterisation of hybrid dispersions 

To evaluate the thermal stability of the photocatalytic compo-

nents, three representative colloidal systems were prepared 

and analysed by TGA under oxidative conditions (Figure 2a). In 

all cases, the concentration of EY was fixed at 0.1 g. L-1. Two sys-

tems contained PDha-g-nPAA and EY, prepared with polymer 

concentrations of 0.5 g . L-1 and 2 g . L-1, respectively, while the 

Scheme 2: PtBAMA synthesis by NMP polymerization, PDha-stat-PAMA (PDha0.94-
stat-PAMA0.06 from 1H NMR, Figure S3) by TFA/H2O deprotection, and PDha-g-
nPAA by aza-Michael addition (pH 13). 
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third system comprised the complete photocatalytic formula-

tion (PDha-g-nPAA, 2 g . L-1; EY, 0.1 g . L-1; MoP, 0.06 g . L-1). Each 

mixture was dispersed in water, homogenized by ultrasoni-

cation, purified by dialysis (MWCO 3.5 kDa), freeze-dried prior 

to TGA. For comparison, TGA profiles of EY and PDha-g-nPAA 

alone were also recorded alongside the three colloidal systems. 

   The TGA profile of PDha-g-nPAA showed an initial weight loss 

up to ~380 °C due to evaporation of bound and residual water. 

Polymer decomposition commenced thereafter, with the main 

breakdown occurring between 400–500 °C and leaving ~28% 

char a t 850 °C. Pure EY degraded between 350–800 °C and was 

fully decomposed without any residual mass. The graft copoly-

mer/EY mixtures exhibited concentration-dependent behav-

iour: at low graft copolymer loading (0.5 g . L-1), the thermal re-

sponse resembled that of EY, indicating limited influence of the 

graft copolymer on EY’s degradation. At higher loading (2 g . L-

1), the profile became more similar to PDha-g-nPAA, with a 

more gradual weight loss and comparable residual mass. This 

shift likely results from the increasing dominance of the poly-

mer matrix in the thermal behaviour as its relative mass in-

creases. The similar final residues of pure PDha-g-nPAA and the 

2 g . L-1 copolymer/EY sample likely arise from the complete de-

composition of EY and differences in residual water content af-

ter drying. 

To understand the influence of the catalyst on the final hybrid  

material, the thermal behavior of pure MoP was first considered 

(Figure S5). Upon initiation of the TGA measurement at 30 °C, 

an initial mass loss of approximately 5% is observed up to 280 

°C. This is attributed to the desorption of physisorbed water and 

atmospheric gases from the MoP surface rather than material 

decomposition. Subsequently, MoP exhibits a distinct increase 

in sample weight during thermogravimetric analysis under 

synthetic air. This weight gain initiates around 400 °C and 

continues until approximately 800 °C, ultimately reaching an 

increase of nearly 15%. This process is attributed to the 

progressive oxidation of MoP, most likely forming molybdenum 

oxides such as MoO3. Since no significant MoO2 peaks are 

observed in the XRD analysis, the direct oxidation of MoP to 

molybdenum trioxide is presumed to drive the majority of the 

observed weight increase, rather than oxidation of MoO2. The 

sample began to lose weight around 825 °C, likely due to 

sublimation of MoO3, which has a melting point of 801°C and 

starts to decompose and sublime between 780-1200 °C.[40] 

Notably, the colloidal system (PDha-g-nPAA -EY-MoP) displayed 

a distinct degradation pattern. The introduction of MoP into the 

system lowered the thermal stability among all tested samples. 

A sharp weight loss was observed between 200–400°C, 

followed by a second phase of weight loss up to ~600°C. This 

was accompanied by a small weight gain (bump) during this 

intermediate range and a plateau extending up to 1200°C. The 

initial steep degradation may be attributed to enhanced chain 

scission catalyzed by MoP. The immobilisation of MoP 

nanoparticles introduces catalytic sites that lower the activation 

energy for degradation and accelerate mass loss by increasing 

the rate of volatile product formation (e.g., CO₂, H₂O, or 

fragmented monomers).[41, 42] The weight gain around 400°C is 

consistent with the oxidative formation of molybdenum oxides, 

indicating MoP's active participation in thermal reactions.[40] 

These findings suggest that, even though addition of MoP 

results in a less stable system from a purely thermal 

perspective,  the altered degradation profile originates from 

the close interfacial contact and high local concentration of the 

active components. This strong physical and electronic 

coupling likely allows the MoP nanoparticles to lower the 

activation energy for the thermal decomposition of the polymer 

matrix at elevated temperatures (>200 °C). However, since 

photocatalytic water splitting is conducted in aqueous media 

at ambient temperatures (<50 °C), this localized catalytic effect 

does not impact the operational stability of the material. 

Instead, the observed reduction in the TGA decomposition 

onset serves as indirect evidence of the efficient integration of 

the catalyst within the graft copolymer scaffold, which is 

essential for driving charge separation and hydrogen evolution 

under ambient conditions. 

Based on the grafting density obtained from NMR (≈290 repeat 

units and ≈107 grafted units per PDha‑g‑nPAA chain) and the 

BET-equivalent spherical radius (~17.6 nm), the stoichiometry 

of the photocatalytic formulation corresponds to approximately 

4.2*104 graft copolymer chains per MoP nanoparticle in 1.5 g . 

L-1 dispersion of graft copolymer sample. This high graft copoly-

mer-to-MoP particle ratio indicates that the photocatalytic sys-

tem operates with a significant excess of graft copolymer. While 

steric constraints likely prevent the simultaneous physical ad-

sorption of all chains onto the MoP surface, this ratio ensures 

that each catalytic center can be embedded within graft copol-

ymer-rich environment. This matrix serves to spatially confine 

the active units and facilitates the efficient transport of protons 

and electrons; the high local concentration of phosphonic acid 

and amide groups creates a continuous hydrogen-bonding net-

work that acts as a proton relay, while the hydrated nature of 

the dispersed polyampholyte matrix maintains sufficient molec-

ular mobility for the EY photosensitizer to remain in close elec-

tronic proximity to the MoP surface. Figure 3 combines a sche-

matic representation with a TEM micrograph (Figure 3b), in 

which the darker regions correspond to electron‑dense 

MoP‑rich domains embedded in a lighter graft copolymer‑con-

taining matrix. This confirms the presence of MoP within graft 

copolymer-based colloidal assemblies, although the local distri-

bution is likely inhomogeneous and may be affected by drying 
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and precipitation during TEM sample preparation. In aqueous 

media, EY remains molecularly dissolved and therefore is not 

visible in TEM; its co‑localisation with the graft copolymer and 

MoP is therefore depicted schematically (Figure 3a). To gain 

deeper insights into the morphology without drying artifacts, 

cryo-TEM was performed across the relevant polymer concen-

trations and 1 g . L-1 is shown here (Figure 3c). This technique 

was specifically chosen to preserve the native hydration state of 

the graft copolymer and to eliminate potential artifacts arising 

from drying-induced aggregation. The image shows spherical 

graft copolymer assemblies with regions of enhanced contrast, 

indicating the presence of electron-dense inorganic material 

within the graft-copolymer matrix. However, individual MoP 

crystallites are not directly resolved in the micrograph, likely be-

cause of the combined effects of sample thickness, and embed-

ding within the hydrated graft copolymer domain.  

To further confirm the formation of colloidal hybrids, DLS meas-

urements were performed, while zeta potential measurements 

were conducted to evaluate the colloidal stability of the system. 

The samples for these experiments were prepared as follows: 

EY (0.1 g . L-1) and MoP (0.06 g . L-1) were dispersed in water and 

ultrasonicated using a finger-tip probe for 5 minutes. Different 

concentrations of graft copolymer (0.5, 1, 1.5, 2 g . L-1) was then 

added to 2.5 mL of this EY-MoP solution, followed by further 

ultrasonication. Finally, 10 v/v% triethanolamine (TEOA) was in-

troduced (pH = 9) before measurements were conducted. 

The number-weighted DLS profile of the EY-MoP reference 

dispersion (without graft copolymer) shows a narrow 

distribution below 1 nm (Figure 2b). This signal is attributed to 

the molecularly dissolved EY and potentially sub-nanometer 

MoP species present in the dispersion. While HRTEM reveals 

discrete MoP crystallites up to ~20 nm, their relatively lower 

number density in the reference dispersion compared to the 

high molar concentration of EY results in the dominance of the 

EY molecular species in the number-weighted distribution. 

Upon addition of PDha-g-nPAA, the hydrodynamic radius in-

creases systematically with copolymer concentration. At 0.5 g . 

L-1, a single, relatively narrow population centred at ~20 nm is 

observed, consistent with well-dispersed graft copolymer/MoP 

assemblies. This hydrodynamic radius is consistent with the 

Scherrer size derived from XRD (17.7 nm). Such concordance be-

tween the crystallographic and hydrodynamic radii indicates 

that, at low concentrations, the graft copolymer effectively sta-

bilizes individual MoP nanoparticles as discrete units, providing 

a thin hydrated shell that suppresses the formation of larger ag-

gregates. Increasing the copolymer concentration to 1 and 1.5 

g . L-1 leads to peak broadening and a shift towards larger sizes 

(~30-60 nm), indicative of partial secondary aggregation or clus-

ter formation. At 2 g . L-1, a bimodal distribution emerges with 

populations around ~50 and ~200 nm, suggesting the formation 

of larger graft copolymer-rich aggregates. These data support 

that the graft copolymer provides effective steric stabilization 

and suppresses MoP aggregation at low to intermediate con-

centrations, whereas excessive copolymer content promotes 

secondary association into larger assemblies (>100 nm), which 

is expected to reduce the fraction of optimally nano-confined, 

catalytically accessible domains. Taken together with the BET-

based stoichiometry, these DLS data support a model in which 

a specific subset of the graft copolymer chains directly stabi-

lizes the MoP nanocrystals. At higher loadings, the excess chains 

likely undergo intermolecular association, contributing to the 

formation of larger, polymer-rich aggregates rather than further 

surface functionalization. 

Zeta potential measurements further supported these findings, 

showing that colloidal stability was highest at an optimum graft 

copolymer concentration (1 g . L-1), beyond which a reduction in 

zeta potential magnitude was observed. The initial zeta poten-

tial of the graft copolymer-free system was measured at –27.5 

mV, primarily due to the deprotonated carboxylate (–COO⁻) and 

phenolate (–O⁻) groups of EY, along with the presence of TEOA 

under alkaline conditions (pH 9), indicating a moderately stable, 

negatively charged dispersion. With the gradual addition of 

graft copolymer, the zeta potential magnitude increased, reach-

ing a maximum value of -30.6 mV at 1 g . L-1 polymer, suggesting 

improved electrostatic stabilization. This indicates that nega-

tively charged carboxylic acid and phosphonic acid groups of the 

graft copolymer contribute to the electrostatic repulsion and 

thereby an improved colloidal stability. However, beyond this 

concentration, the magnitude of zeta potential decreased, indi-

cating potential graft copolymer-induced aggregation.  

To elucidate the interactions and immobilization of MoP and EY 

within the PDha-g-nPAA matrix, XPS analysis was performed for 

the C1s, O1s, Mo3d, and P2p regions (Figure 4). The C 1s spec-

trum (280–290 eV) displays a series of peaks within the range 

expected for the polymer backbone, phosphonic acid side 

chains, amide environments, and dye‑derived functionalities 

(Figure 4a). These features may correspond to aliphatic C–C, ar-

omatic or heteroatomic C–N and C–P linkages, various carbonyl 

environments, and highly oxidized or conjugated carbon, ac-

cording to the chemical composition of the system. [27] Similarly, 

The O 1s spectrum (529–535 eV) shows several components at-

tributable to oxygen in carbonyl, phosphonate/phosphate, mo-

lybdenum oxide, and ester/hydroxyl environments as antici-
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pated from the composition of the (PDha‑g‑nPAA)-EY-MoP sys-

tem (Figure 4b). Signals for potassium are also present, con-

sistent with residual K⁺ from the grafting procedure.  

The Mo3d spectrum displays well-defined doublets at 

228.0/231.1 eV (Mo–P, molybdenum phosphide), as well as 

peaks at ~229.5/232.6 eV and ~232.8/235.9 eV, which can be 

assigned to Mo⁴⁺–O (MoO₂) and Mo⁶⁺–O (MoO₃) species from 

partial surface oxidation, respectively (Figure 4c). The P2p re-

gion shows a doublet at ~129.4/130.3 eV (P–Mo, molybdenum 

phosphide), and additional peaks at 132.5 and 133.5 eV, at-

tributable to phosphorus in phosphonate and phosphate envi-

ronments (Figure 4d).[23] The combined observation of Mo–P 

and P–Mo features, together with O1s and C1s peaks consistent 

with the chemical structure of the copolymer and incorporated 

species, supports the successful immobilization of MoP nano-

particles within the phosphonic-acid-functionalized network. 

Bromine is detected only in trace quantities and is therefore re-

ported qualitatively from the survey spectra shown in Figure S6. 

The corresponding survey spectra and quantified atomic per-

centages for the graft copolymer, (Pdha-g-nPAA)-EY and (PDha-

g-nPAA)-EY-MoP are summarized in Figure S6(b-d) and Table S1. 

Figure S7 confirms the successful incorporation of brominated 

EY into the PDha-g-nPAA, with characteristic Br 3d signals and 

shifted C 1s peaks validating the hybrid structure. The graft co-

polymer alone shows high C 1s and O 1s amounts, as expected 

for the PDha and nPAA units. Upon addition of EY and, more 

strongly, MoP, the relative C 1s intensity decreases while Br 3d, 

Mo 3d and P 2p contributions emerge and N 1s slightly in-

creases, reflecting the incorporation of the brominated dye and 

the inorganic MoP phase and a corresponding reduction of the 

purely organic surface fraction. The elevated P 2p atomic per-

centage in the hybrid relative to the bare polymer is consistent 

with the combined presence of grafted phosphonate groups 

and surface‑exposed phosphorus from MoP. A weak Si 2p signal 

is observed in some XPS spectra and is attributed to trace sili-

con‑containing contamination, most likely from the substrate or 

laboratory environment, rather than from the MoP, EY or 

graft‑copolymer components. Therefore, in the full hybrid 

(PDha-g-nPAA)–EY–MoP, the simultaneous presence of Mo 3d, 

P 2p, Br 3d, C 1s, O 1s, and N 1s signals demonstrates that MoP, 

EY, and the graft copolymer are all present within the XPS sam-

pling depth of the material surface. 

Light-driven Hydrogen Evolution 

The light-driven hydrogen evolution experiments were con-

ducted at ambient temperature and under atmospheric pres-

sure conditions. A visible-light LED source (λ = 530 ± 50 nm) was 

employed for irradiation, delivering an incident photon flux of 

0.302 μmol · s⁻¹ at an operating current of 330 mA. The experi-

ments were carried out in a custom-built, air-cooled photoreac-

tor equipped with a sample holder accommodating eight vials 

positioned 5 cm above the light source.[43] The amount of hy-

drogen was determined through gas chromatography. Hydro-

gen evolution rates are expressed as mmolH2 . h-1 . g-1
MoP. Reac-

tions were conducted for 3 h with 10 vol% TEOA as sacrificial 

agent. In Figure 5a, a constant MoP loading of 100 mg . L⁻¹ was 

used while varying the graft copolymer concentration (0.5, 1.0, 

2.0 g . L⁻¹). In Figure 5b, a constant copolymer concentration of 

2.0 g L⁻¹ was maintained while varying the MoP loading (5, 15, 

60, 100 mg . L⁻¹). Data represent mean values from replicate ex-

periments. The increase in H₂ production with higher copolymer 

content (Figure 5a) is attributed to effective stabilization of the 

catalyst in solution, which prevents MoP nanoparticle aggrega-

tion. In addition, the introduction of graft copolymer possibly 

improves the interface between the catalytic units and the 

aqueous medium, EY, and MoP within the immobilized polymer 

matrix. The immobilization of EY within the PDha-g-nPAA matrix 

is primarily driven by electrostatic attraction between the dian-

ionic dye species (active form at pH > 3.8) and the polyampho-

lytic backbone. Additionally, the high density of phosphonic acid 

and acrylamide functional groups provides a network of hydro-

gen-bonding sites that further stabilize the dye molecules 

within the hydrated polymer shell. While covalent immobiliza-

tion strategies offer permanent dye attachment, they can often 

restrict the conformational freedom required for optimal elec-

tronic interaction between the photosensitizer and the catalyst 

surface.[44, 45] In contrast, our non-covalent approach utilizes 

conformational flexibility of the hydrated graft copolymer ma-

trix to maintain EY in close proximity to the MoP centers while 

Figure 5: a) H2 evolution rate per gram of MoP used based on the concentration of  
graft copolymer and b) H2 evolution rate used based on the concentration of MoP 
in aqueous solution 
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allowing sufficient molecular mobility for efficient electron 

transfer.[27, 46] This 'dynamic' proximity mimics the benefits of 

covalent linking (high local concentration) without the synthetic 

complexity or potential loss of dye activity associated with rigid 

chemical spacers which can restrict the optimal electronic align-

ment between the photosensitizer and the catalyst surface.[47] 

As discussed in the following section, this hypothesized dynamic 

interaction and local confinement are directly corroborated by 

time-resolved fluorescence studies. 

As discussed in the TEM section, BET-based estimations place 

the system in a pronounced graft copolymer-excess regime. 

Nevertheless, the presence of a large reservoir of chains around 

each MoP nanocrystal is expected to increase the local density 

of EY and grafting sites in its vicinity, thereby facilitating energy 

and electron transfer from excited EY to MoP and enhancing hy-

drogen evolution[23]. In contrast to a homogeneous system with 

free MoP, where nanoparticles tend to sediment and lose in-

terparticle contact with EY, the graft-copolymer matrix provides 

a dynamically stabilized, well-dispersed environment that sus-

tains continuous electron transfer. At higher polymer loadings 

the hydrogen-production rate approaches a plateau, which can 

reasonably be attributed to increasing solution viscosity and 

growing graft copolymer-rich aggregates that begin to hinder 

diffusion and limit further gains in catalytic performance.  
In case of varying MoP concentrations, the amount of hydrogen 

is reported by moles of hydrogen produced per time of photo-

reaction. It is evident that the hydrogen production increases 

until 0.06 g . L-1 concentration of MoP and then shows a down-

ward path (Figure 5b). This might be due to the fact that a suf-

ficient amount of MoP particles were immobilized within the 

polymer matrix and reached its optimum (0.06 g . L-1). At higher 

MoP concentrations, more scattering of incident light could be 

the reason due to the free MoP particles in solution, which in 

turn reduces the amount of light that reaches the photosensi-

tizer sites. This decrease in light intensity lowers the energy 

available for the light-driven catalytic reaction, thereby leading 

to a reduction in hydrogen production efficiency. Also, at higher 

concentrations, MoP could aggregate or form clusters, which 

reduces the active surface area available for the catalytic reac-

tion. 

Moreover, the reproducibility of the experiments was investi-

gated, where the standard deviation is measured to be in the 

range of 0.05-0.3 mmolH2 . h-1 . g-1
MoP in Figure 5a and 0.003-

0.004 µmolH2 . h-1 in Figure 5b. The photocatalytic system 

demonstrated sustained hydrogen evolution over a period of 

150 h, with continuous gas production observed throughout the 

experiment. The maximum cumulative hydrogen yield reached 

63.74 mmolH2 . h-1 . g-1
MoP with 1 g . L-1 of graft copolymer in 

comparison to the system without graft copolymer (26.91 

mmolH2 . h-1 . g-1
MoP), confirming the long-term activity of the 

immobilised graft copolymer system. To probe photosensitizer–

polymer interactions and excited-state dynamics under condi-

tions mimicking catalysis, steady-state and time-resolved fluo-

rescence spectroscopy were performed (Figure 6). Graft copol-

ymer concentrations (0.5, 1.0, 1.5, 2.0 g . L-1) matched those in 

H2 evolution experiments, while EY and MoP loadings were sig-

nificantly reduced for spectroscopy (EY: 0.001 g . L-1, MoP: 

0.0006 g . L-1) compared to catalytic runs (EY: 0.1 g . L-1, MoP: 

0.06 g . L-1). This reduction in loading was strictly necessary to  

maintain an optical density below 0.15 at the excitation wave-

length of 480 nm, thereby eliminating artifacts from inner-filter 

effects, reabsorption, and non-specific self-quenching that 

would otherwise obscure the intrinsic interaction kinetics. Fig-

ure 6a shows steady-state emission spectra and time-resolved 

decay kinetics of EY at these polymer concentrations with MoP 

and TEOA. The emission intensity increases non-linearly with 

added polymer concentration compared to the polymer-free 

system, while the fast decay time constants from the early 

phase fit (Table S2) also increase. This rise in excited-state life-

time indicates that the graft copolymer effectively "shields" the 

immobilized EY* molecules within its polyampholytic matrix. By 

providing a protective local microenvironment, the polymer 

suppresses competitive non-radiative relaxation pathways such 

as collisional quenching by TEOA or deleterious interactions 

with MoP aggregates, thereby prolonging the residency time of 

the excited state and enhancing the overall radiative output.  

Decays exhibit bi-phasic behavior and were analysed with a seg-

mented approach: an exponential fit for early times (t < 300 ps, 

yellow curve) and a power-law fit (𝑓(𝑥) = 𝐴𝑥−𝑏) for later times 

(300 ps < t < 1200 ps, green curve), as single functions fail in this 

heterogeneous system (Figure 6b). The adoption of a power-law 

fit for the later decay regime is necessitated by the structural 

and kinetic complexity of this multi-component hybrid system. 

Such non-exponential kinetics are characteristic of distributed 

relaxation rates in heterogeneous media, likely arising from 

fractal-like diffusion of charge carriers or restricted molecular 

mobility within the varying microenvironments of the graft co-

polymer-MoP domains.[48, 49] This power-law tail persists even 

without polymer, signalling baseline microdomain heterogene-

ity from MoP and TEOA aggregates. The extension of the EY* 

excited-state lifetime and the confinement within fractal-like 
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microdomains suggest that the graft copolymer acts as a molec-

ular scaffold. This scaffold optimizes the spatial arrangement of 

the photosensitizer and catalyst, facilitating efficient charge 

transfer while minimizing non-productive recombination, 

thereby directly accounting for the 55% increase in hydrogen 

evolution (1.4  vs 0.9 mmolH2 . h-1. g-1) compared to the copoly-

mer-free system. 

To assess the stability of the hybrid graft copolymer component 

(1 g . L-1 PDha-g-nPAA, 0.1 g . L-1 EY, 0.06 g . L-1 MoP), samples 

were recovered after 30 h of photocatalysis by dialysis (3.5 kDa 

cutoff) and subsequent freeze-drying prior to analysis. Thermo-

gravimetric analysis shows no significant change in the onset or 

profile of thermal degradation for the hybrid before and after 

irradiation ((PDha‑g‑nPAA)–EY–MoP‑Bf vs. (PDha‑g‑nPAA)–EY–

MoP‑Af; Figure 7a), indicating that the organic matrix remains 

thermally robust under the catalytic conditions. SEC analysis of 

the recovered hybrid (Figure 7b, normalized RI response) re-

veals that the number-average molar mass (Mn = 366,000 

g . mol-1) remains essentially unchanged compared to the pris-

tine graft copolymer (Mn = 385,300 g . mol-1). Interestingly, a 

low-molecular-weight shoulder observed in the pristine poly-

mer (eluting at higher volumes) is absent in the recovered ma-

terial. This suggests a preferential removal of shorter oligomeric 

chains during the centrifugation and recovery of the hybrid graft 

copolymer. The stability of the principal elution peak position 

confirms that the high-molecular-weight graft copolymer back-

bone remains intact and does not undergo detectable degrada-

tion under photocatalytic conditions. FTIR spectra of the PDha-

g-nPAA graft copolymer retained its characteristic bands, con-

firming structural integrity after photocatalysis (Figure 7c). Key 

backbone peaks included broad O–H and N–H stretching vibra-

tions around 3200–3500 cm-1, C=O stretching of amide and es-

ter groups at 1650–1700 cm-1, alkyl C–H stretching between 

2850 and 2950 cm-1, and N–H bending and C–N stretching 

modes near 1400–1500 cm-1. Distinct peaks associated with im-

mobilization were observed at 1438 cm-1, corresponding to 

CH2/CH3 bending and symmetric COO- stretching vibrations; 

1489 cm-1, attributed to CH3 asymmetric bending and aromatic 

C–C stretching from EY; as well as 2849 cm-1 and 2932 cm-

1 which represent symmetric and asymmetric C–H stretching of 

alkyl groups. These peaks were absent or weak in the graft co-

polymer alone, confirming successful immobilization. Molyb-

denum phosphide (MoP), due to its metallic nature, exhibits 

weak FTIR activity and contributes minimal direct spectral fea-

tures. No evidence of chemical degradation or new byproduct 

formation was detected, supporting the hybrid material’s 

chemical stability during catalysis.  

These results collectively confirm that the graft copolymer re-

mains structurally stable under photocatalytic conditions, sup-

porting its suitability as a robust matrix for hydrogen produc-

tion. Compared to earlier studies where EY was covalently 

grafted to molybdenum-based clusters or electrostatically ad-

sorbed onto Mo-based cocatalysts,[23, 50, 51] this work demon-

strates that PDha-based polyampholyte graft copolymers are a 

simple, tunable, and effective method to achieve stable EY sen-

sitization on MoP with enhanced activity and stability for light-

driven H2 evolution. 

Conclusion 

We report the successful use of a tailor-made polyampholyte 

graft copolymer for immobilization of MoP nanoparticles as cat-

alyst and EY as photosensitizer. The results reveal that this is a 

straightforward approach for the preparation of a versatile and 

tunable soft matter matrix that can effectively co-integrate var-

ious molecular components relevant for light-driven catalysis. 

The graft copolymer functions as a multifunctional scaffold that 

provides colloidal stability while preserving a highly concen-

trated local environment of catalytic and photosensitizing moi-

eties. Comparison with polymer-free reference systems demon-

strates that this matrix-mediated stabilization is critical for sup-

pressing MoP aggregation and for promoting efficient charge 

and mass transport pathways, thereby enabling enhanced hy-

drogen evolution performance. Light-driven catalytic activity for 

hydrogen production reached 2.5 mmolH2 . h-1 . g-1
MoP after the 

graft copolymer was introduced. Therefore, this strategy indi-

cates that polyampholyte graft copolymers can be used to im-

prove and regulate different molecular catalytic systems by im-

mobilizing metallic nanoparticles. This scheme paves a way for 

systems for other combinations of molecular catalysts, dyes, or 

semiconducting sensitizers. 
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Raman spectra (Figure S4), thermograms of MoP (Figure S5), XPS spectra (Figures S6 and S7). 

The individual raw data sets are available upon request from the authors. 
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