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Abstract

Polymeric carbon nitrides (C;N,) are photochemically active organic semiconductors that can be produced in a wide range
of structural types. Here, a poly-(heptazine imide) containing nickel single atoms (Ni-PHI) is employed for photochemical
hydrogen production and is compared to the non-nickel-doped semiconductor. Film deposits are formed on a platinum
disk electrode (to detect hydrogen) and a coating of the molecularly rigid polymer of intrinsic microporosity PIM-1 is
applied to (i) mechanically stabilize the photo-catalyst film without impeding photocatalysis and (ii) assist in the interfa-
cial hydrogen capture/oxygen suppression process. In the presence of hole quenchers such as methanol or ethanol, anodic
photocurrents linked to hydrogen production/oxidation are observed. A comparison with an experiment on glassy carbon
confirms the formation of interfacial hydrogen as a mediator. The effects of hole quencher concentration are evaluated.

The system Pt/Ni-PHI/PIM-1 is employed in a single-compartment photo-fuel cell.

Introduction

Studies involving clean energy transformations are driven by
a tangible global energy transition and by ameliorating envi-
ronmental pollution [1]. New materials that can be employed
in energy systems (e.g. photoreactors, fuel cells, or batteries)
help address the demand for renewable energy [2]. Photo-
chemical reactions based on small molecule oxidation, such as
the methanol oxidation reaction (here as a model for biomass
oxidation), can be employed to release hydrogen for the future
development of greener energy devices. Commonly, platinum
(Pt) plays a fundamental part in this process given its high cata-
lytic activity for hydrogen evolution. However, due to the high
price and poor sustainability, it is necessary to use approaches
that replace Pt, for example with Ni, combined with an organic
photocatalyst and using a light source as energy input into the
system.

Promising photocatalyst materials today are carbon nitrides
(C;N,). These nonmetallic semiconductors, essentially made
of carbon and nitrogen atoms, can be synthesized by low-cost
methods, e.g. melamine thermo-polymerization in a medium
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containing molten alkali metal salts [3]. This method of synthe-
sis leads to an organized (highly graphitic) and homogeneous
structure of a carbon nitride as poly(heptazine imide) or PHI.
The pyridinic and imide nitrogens of the PHI offer possibili-
ties for the coordination of transition metals as single atoms
between the heptazine rings. After the synthesis, the alkali
metal ions employed stay coordinated, and allow by a simple
cation exchange method, the introduction of other metal cations
such as Ni(Il) [4] or Fe(Il) 5, 6]. As reported by Pérez-Ramirez
et al. [7], replacing cations in PHI with Pd** leads to palladium
single-atoms coordinated to PHI (Pd-PHI) to catalyze Suzuki
coupling reactions, achieving an efficiency comparable to that
of common Pd(0) homogeneous catalysts. Thus, the immobi-
lization of atomically dispersed transition metals into graphitic
carbon nitrides leads to areas of potential applications, such
as green energy generation, solar fuels production/conversion
(hydrogen), and photocatalytic biomass transformation.
Alternative reaction mechanisms in photoelectrochemistry
involving hydrogen as a mediator (instead of electrons/holes)
have been reported for platinum [8, 9] and for palladium [10,
11] electrodes or membranes. Here, hydrogen is employed as
an intermediate to shuttle electrons to the electrode surface.
This process is facilitated by intrinsically microporous polymer
materials (PIMs) such as PIM-1 [12, 13]. PIM-1 has a large
Brunauer-Emmett-Teller (BET) surface area (in the range of
600-900 m* g~!') and microporous channels typically with a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12678-023-00852-9&domain=pdf&date_stamp=2023-11-10

Electrocatalysis

Graphical Abstract

_+* Ni#*-PHI + hv —> Ni**-PHI'

© Ni#-PHI" = Ni'*-PHI'

Ni'*-PHI* + ROH — Ni'*-PHI + OP

. Ni"-PHI +H' —> ¥2H, '
%« H, —>2H'+ 2 e- (Pt electrode)

gty

Keywords Biomass - Photofuel cell - Photocatalysis - Hydrogen - Intrinsic Microporosity

diameter of 1 nm [14]. PIM-1 has been studied in gas adsorp-
tion and permeation [14], and it has been employed in electro-
chemistry [15], photoelectrochemistry [9], batteries [16], and
redox flow cell systems [17].

In this study, a PHI-based photocatalyst containing atomi-
cally dispersed nickel (Ni-PHI) is immobilized with PIM-1 at
the surface of a platinum disk electrode to demonstrate photo-
hydrogen production. Figure 1 shows the experimental con-
figuration with PIM-1 and photocatalyst Ni-PHI immobilized
on the surface of a glassy carbon or platinum disk electrode as
the working electrode (WE). A LED light source is deployed
to provide light pulses during voltammetry experiments per-
formed with a potentiostatically controlled, three-electrode cell
(working electrode - WE, reference electrode - RE, and counter
electrode - CE). For the photofuel cell, a two-electrode system
was employed, with a platinum foil as the counter electrode.

In this preliminary study of photoelectrochemical reac-
tions with PIM-1 host film coatings on Ni-PHI photocatalyst,
mechanical stabilization and an enhancement in the photo-
electrochemical response to hydrogen were observed, when
compared to the uncoated films. A phosphate buffer inhibitory
effect in the nickel-catalyzed process is investigated. The role
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of ambient oxygen is discussed. A mechanism is tentatively
assigned based on the photochemical hydrogen production
coupled to re-oxidation at the platinum electrode.

Experimental
Reagents

Chemicals were purchased from Fisher Scientific or Sigma-
Aldrich and used without further purification. Aqueous solu-
tions were prepared under ambient conditions by using
ultrapure water (resistivity of 18.2 MOhm c¢m at 22 °C). Argon
(Pureshield, BOC, UK) was employed to de-aerate solu-
tions where indicated. PIM-1 was prepared according to the
literature [18, 19], and a stock solution of PIM-1 (1 mg/mL)
was prepared in chloroform. The photocatalyst Na-PHI was
obtained by adopting a literature methodology [3]. In brief, 1 g
of melamine (99%, Sigma-Aldrich) ground with 10 g of NaCl
(99%, Sigma-Aldrich) was heated in an oven under constant
nitrogen atmospheric (Sdo Carlos Quimica, BR) flow (5 L
min~") to 600 °C for 4 h with a heating rate of 2.3 °C min™".
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Fig. 1 (A) Experimental setup for
photoelectrochemical investi-
gation of Ni-PHI coated with
PIM-1; Molecular structure of
(B) PIM-1 and (C) Ni-PHI; (D)
Experimental setup of the two
electrode photofuel cell

For Ni-PHI synthesis, the Ni** single atom sites were intro-
duced in the Na-PHI structure by cation exchange [6], where
the Ni** cations replace Na™ in the carbon nitride structure.
Na-PHI (0.1 g) was suspended with 1.6 mmol of NiCl, (98%,
Sigma-Aldrich) in 2.0 mL of water by sonication for 30 min.
Then the sample was filtered, extensively washed with deion-
ized water and acetone (99.5%, Fisher Scientific), and dried
overnight in an oven at 60 °C.

Instrumentation

Diffuse reflectance UV-vis spectroscopy (DRUV-vis) was per-
formed in a Cary 5G® spectrometer. To investigate the struc-
ture and morphology of Ni-PHI, high-angle annular dark-field
imaging scanning transmission electron microscopy (HAADF-
STEM) experiments were performed. For image acquisition,
the sample was sonicated in isopropanol for 10 min to give a
suspension. This was dropped onto an Au sample grid. Images
were collected at a probe convergence semi-angle of 25 mrad,
using a double Cs corrected JEOL JEM-ARM200F (S)TEM
operated at 80 kV equipped with a cold field emission gun.
Electrochemical experiments were performed with an
Autolab PGSTAT (Metrohm, UK) controlling a three-elec-
trode cell, using a platinum or glassy carbon disk (BASi, UK)
with 3 mm diameter as working electrode, a saturated calo-
mel (SCE) as reference electrode, and a platinum wire counter
electrode. Before use, the working electrode surfaces (platinum
or glassy carbon) were carefully polished with alumina pow-
der (0-Al,O5) 0.3 pm, rinsed with distilled water, and cleaned
by sonication for 10 min, in an ethanol/water 1:1 (v/v) solu-
tion. The cell was illuminated with a power LED (A=385 nm,
approx. 100 mW cm™? calibrated at approx. 1.8 cm distance,
Thorlabs, UK). It was assumed that the quartz plate and solu-
tion phase do not significantly absorb at 385 nm. After use, the
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cell was rinsed with isopropanol and with pure water. Chro-
nopotentiometry experiments were performed in an indirect
photo-fuel cell, where the counter/reference electrode was a
platinum foil (1x3 cm?). The working electrode was prepared
by deposition of 10 uL of Ni-PHI (suspension in isopropanol
1 mg mL™") and coating with 10 uL of PIM-1. Therefore, the
mass loading of photocatalyst was fixed at 10 ug ona 7x107¢
m? electrode area. The effects of varying this mass loading
could be significant but have so far not been investigated.
All experiments were performed in ambient air if not stated
otherwise.

Results and Discussion
Characterization of Nickel Single Atoms in Ni-PHI

The Ni-PHI photocatalyst was characterized in a previous
study [20]. In brief, the XRD analysis showed that this sample
possesses high crystallinity. Data from infrared spectroscopy
exhibited typical absorption bands of the PHI structure, as well
as a blueshift, observed in the CN modes when compared to
the unmodified sample (Na-PHI). This was strong evidence
of nickel coordination. Furthermore, the presence of isolated
sites was indicated by diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) with carbon monoxide (CO) as a
probe molecule. The analysis showed only peaks related to lin-
early adsorbed CO (2040 and 2179 cm™ "), while peaks related
to multi-site coordinated CO (bridged bonded) from 1900 to
2000 cm™! were absent. Figure 2 A presents the diffuse-reflec-
tance UV-vis (DRUV-vis) spectra for the Na-PHI and Ni-PHI,
where both samples exhibit bands in ~430 nm assigned to the
n-m* transitions, that resemble the semiconductor band gap
onset [21]. From the linear extrapolation of the Tauc plot curves
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(presented in the inset of the DRUV-vis graph), the band gap
obtained for Na-PHI was 2.85 eV, while Ni-PHI gave a slight
redshift to 2.81 eV presumably due to the nickel coordination.
In the HAADF-STEM images of Ni-PHI, presented in
Fig. 2B, it is possible to observe highly dispersed bright spots,
concerning the nickel species, since the contrast between Ni,
N, and C elements are different [22]. In Fig. 2 agglomerates of
nickel, i.e. clusters or nanoparticles, are not identified, indicat-
ing that nickel is present only at single atom sites. The covalent
coordination in the pyridinic nitrogen allows not only a homo-
geneous distribution of the nickel species but also a high sta-
bility towards leaching. Furthermore, highly dispersed species
imply that nickel acts as isolated sites for catalytic reactions.

Effects of Nickel in Ni-PHI for Methanol
Photoelectro-Oxidation

Initially, a dispersion was prepared by mixing equal propor-
tions, in mass, of PIM-1 with the photocatalyst (Na-PHI or
Ni-PHI), in chloroform. Next, 10 pg of the prepared suspen-
sion was deposited over a 3 mm diameter platinum electrode
and investigated in methanol photo-oxidation experiments.
Figure 3 shows cyclic voltammetry with pulsed light (LED,
385 nm, approx. 100 mW em™% 2sonand s off), in 10
mmol L™! of methanol in a buffered solution (pH 7, KH,PO,,
0.02 mol L"), with KCI (0.1 mol L™") as supporting electro-
lyte. For the suspension deposit, no significant photocurrent
was observed. On the other hand, when first depositing a layer
of the carbon nitride (10 pg), then coating with 10 pug of PIM-1
(or Ni-PHI/PIM-1), clear oxidation photocurrents result at
0.0 V vs. SCE for both Na-PHI and Ni-PHI. Note that the pres-
ence of K* in the electrolyte could have caused some cation
exchange for Na-PHI, but not for Ni-PHI. Photocurrents are
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observed as transients with a rise time of typically 1 s prob-
ably associated mainly with hydrogen (H,) reaching/diffusing
towards the platinum electrode surface. Effects from quencher
diffusion are unlikely under these conditions. In comparison to
uncoated materials, the photocurrent was doubled after coating
with PIM-1. The improved results with the coating instead of
the mixture indicate that it is better to have the photocatalyst
compact close to the electrode, with better mechanical stabil-
ity in the presence of the coating. Loss of the carbon nitride
deposit was observed when bare samples were in direct con-
tact with the solution. Furthermore, in addition to mechanical
stability, the main hypothesis for the increase in photocurrent
response is that the PIM-1 film can capture hydrogen (whilst
suppressing oxygen transport to the electrode) and mitigate the
nucleation of gas bubbles in the active photocatalyst sites [9].

To investigate the photocurrent enhancement, higher con-
centrations of methanol were investigated as presented in
the chronoamperometry data obtained at 0 V vs. SCE, under
chopped illumination (10 s on/10 seconds off) as shown in
Fig. 4. In the system Ni-PHI/PIM-1 (Fig. 4A), with up to 40
mmol L~ ! methanol, the photocurrent still increased with satu-
ration close to ~18 pA for 50 mmol L~! methanol. In com-
parison, with Na-PHI (Fig. 4B) it is possible to observe that the
photocurrent reaches only a lower current plateau. This differ-
ence can be explained by the presence of Ni** species, which
is known to be a good electrocatalyst [23] and able to generate
hydrogen. The chronoamperometry also allowed us to evaluate
the stability of the system. After 10 min of measurement, the
photocurrent did not change significantly, which indicates that
the coating with PIM-1 prevents the loss of the photocatalyst
activity. The nickel catalyst was not poisoned or depleted dur-
ing photocatalysis [24].

Fig.2 (A) DRUV-vis and Tauc plot (inset) of Na-PHI and Ni-PHI samples, and (B) STEM-HAADF image of Ni-PHI.
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Fig. 3 Linear sweep voltammetry (scan rate 20 mVs~!) under chopped illumination using a 385 nm LED (2 s on 1 s off), 10 mM methanol, 0.1 M
KCl, 20 mM KH,PO, buffer pH 7 for (A) Na-PHI and the combinations with PIM-1 and (B) Ni-PHI and the combinations with PIM-1
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Fig.4 (A) Chronoamperometry at 0 V vs. SCE for 10 pg of PIM-1 over 10 pg of Ni-PHI; (B) Photocurrent at 0 V vs. SCE for 10 pg of PIM-1 over

10 pg of Na-PHI and Ni-PHI with different methanol concentrations

Next, the photocurrent responses were investigated in unbuf-
fered media to elucidate the effects of phosphate anion binding.
The black lines in Fig. 5 refer to the baseline signal without
PIM-1 when applying pulses of light (LED, 385 nm, approx.
100 mW cm~2,2 s on and 1 s off). Generally, the anodic photo-
current was higher than that observed in the presence of phos-
phate buffer. The same was observed for the coated samples
with 10 (blue lines) or 50 (yellow lines) mmol L™! methanol,
whereby Ni-PHI/PIM-1 presented a photocurrent~30 pA at

0 V vs. SCE, almost double that in the buffered media. This
suggests that hydrogen is being generated from the photocata-
lyst and reoxidized at the Pt electrode. Once phosphate anions
adsorb to the nickel sites, competition for the active sites with
hydrogen evolution may somewhat lower hydrogen production
[25, 26]. The assumption of hydrogen oxidation at the platinum
electrode is supported when investigating the PIM-1/Ni-PHI
system under the same conditions but deposited onto glassy
carbon (GC) (Fig. 5C). A much lower photocurrent suggests
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Fig. 5 Linear sweep voltammetry (scan rate 20 mV s~ ') under pulsed
illumination using a 385 nm LED (2 s on and 1 s off), with 10 (black
and blue lines) and 50 (golden lines) mmol L™' methanol in KCI
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Fig. 6 Linear sweep voltammetry (scan rate 20 mV s~ ') under pulsed
illumination using a 385 nm LED (2 s on and 1 s off), with 10 (black
line) and 50 (red line) mmol L™! methanol in KCI 0.1 mol L™!, with
10 pg of PIM-1 on 10 pg of Ni-PHI over Pt electrode, under argon
atmosphere

that the Pt electrode is necessary for hydrogen oxidation. For
a concentration of 50 mmol L~! of methanol, the photocurrent
measured over GC was ~2 pA at 0 V vs. SCE, while at the
same potential, over Pt, this value was ~30 pA.

The effect of argon deaeration on the photocurrents is sig-
nificant. Figure 6 shows that for 10 mM and 50 mM methanol,
further enhancements in photocurrents are observed. In argon,
the photocurrent increases from approx. 18 pA (in Fig. 4) to
45 pA in the presence of 50 mM methanol (Fig. 6). This cor-
responds to a mass activity of 45 pA per 10 pg photocatalyst
or a hydrogen flux of 0.2 nmol s™! per 10 pg photocatalyst,
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EN vs SCE

0.1 mol L™, with and without 10 pg of PIM-1 on (A) 10 pg of Na-
PHI/PIM-1 on Pt electrode, (B) 10 pg of Ni-PHI/PIM-1 on Pt elec-
trode, and (C) Ni-PHI/PIM-1 over GC electrode

although further study will be required to more quantitatively
explore the effect of mass loading on hydrogen production.
Oxygen is a quencher for H, at the Pt electrode and clearly
interferes. In practice, photo-fuel cells argon deaeration is an
unwanted complication and a somewhat lower hydrogen pro-
duction and photocurrent have to be accepted. Further opti-
mization of photocatalyst loading and photocatalyst to PIM-1
ratio will be possible.

Effects of Nickel on Ethanol Photo-Oxidation

For ethanol oxidation, the optimized conditions for methanol
(10 pg of PIM-1 over 10 pug of Na or Ni-PHI) were employed
and processes were evaluated for 10 and 50 mmol L™' of
ethanol. The photocurrents are presented in Fig. 7. The sys-
tem behaves similarly to the case of methanol as a quencher.
The nickel-containing sample performed better than that of
Na-PHI, presenting respectively a photocurrent of 7.8 and 1.2
pA at 0 V vs. SCE for 50 mmol L™ of ethanol. The anodic
photocurrents obtained with ethanol were somewhat lower
than those for methanol, possibly due to intermediates in the
complex reaction. The photocatalyst (Na-PHI or Ni-PHI) is
oxidizing ethanol associated with hydrogen generation, which
is then captured by the PIM-1 film.

Based on these results, the proposed pathway for the oxi-
dation of alcohols (ROH) in the Pt/Ni-PHI/PIM-1 system is
presented in the following sequence of steps: photoexcitation
of the PHI structure (Eq. 1), charge separation reducing the oxi-
dation state of nickel ions (Eq. 2), hole quenching with the oxi-
dation of ROH to oxidation products (OP) (Eq. 3), evolution
(Eq. 4) and, consumption (Eq. 5) of hydrogen in the platinum
electrode.
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Fig.7 Linear sweep voltammetry (scan arte 20 mV s~ ') under chopped illumination using a 385 nm LED (2 s on and 1 s off), 0.1 M KCI, 20 mM

KH,PO, buffer pH 7 for (A) Na-PHI/PIM-1, (B) Ni-PHI/PIM-1.
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Single Compartment Photo-Fuel Cell Processes with
Ni-PHI

Ni-PHI/PIM-1 was employed as a working electrode in an
exploratory fuel photocell, using a platinum foil as a counter/
reference electrode defined by ambient oxygen in the system
(Fig. 1). The same compartment contains the fuel for both
anode and cathode. First, the open circuit potential (OCP) of
the system was measured for the lowest concentration (10
mmol L~Y), and for the concentration where photocurrent
saturation occurs (50 mmol L™ ") with continuous light irradia-
tion (A=385 nm) for 950 s. The illuminated OCP value was
approximately 0.58 V for 10 mmol L™! of methanol and 0.65 V
for 50 mmol L ~! methanol (Fig. 8A). In the presence of etha-
nol (Fig. 8B), the OCP values were 0.54 and 0.57 V for 10
and 50 mmol L™, respectively, in agreement with the lower
efficiency of ethanol as a hole quencher.

Subsequently, cyclic voltammetry measurements were
carried out starting at OCP with a scan rate of 1 mV s™! to

give information about the fuel cell power generation. From
the potential sweep, it was possible to construct the cell power
graph (P=E X 1), presented in Fig. 8C and D. In the measure-
ments with methanol (Fig. 8C), it is noteworthy that there is
power generation in wide a range of 0 to ~0.5 V. The system
reaches maximum powers of 1.3 uW (for 10 mmol L™! of
methanol) and 2.1 uW (50 mmol L™! of methanol) at 0.4 V.
These values are comparable to other membrane-less fuel cells
found in the literature [27, 28]. For ethanol (Fig. 8B), the pow-
ers were 0.4 uW and 0.9 pW at 0.3 V for 10 and 50 mmol L =1,
respectively. In the future, the effects of convection, quencher
concentration and type, and light intensity could provide fur-
ther improvements.

Conclusions and Outlook

The present study showed that the presence of Ni** single sites
sharply increases the photoelectrochemical (hydrogen-medi-
ated) response for both methanol and ethanol oxidation when
compared to the PHI photocatalyst without the transition metal.
The unique microporous environment in PIM-1 improved the
mechanical stability of the photocatalyst film and added to the
control of the diffusion of the reactants/oxygen towards the
photocatalysts. The microporous PIM-1 affects the transport
of reactants to/ products away from the photochemical reac-
tion zone and it may affect the light intensity at the location
of the photocatalyst. Effects will depend on the reaction con-
ditions and the interaction of reactants with the microporous
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Fig.8 Chronopotentiometry in OCP for a two-electrode photocell with
385 nm LED light with (A) methanol, (B) ethanol; and power (current
x voltage) voltammograms (scan rate 1 mV s~ ') as a function of the

host. Further quantitative study is required to determine the
local concentration and diffusivity of hydrogen gas under these
conditions.

The photocatalyst performance is linked to H, generation
by the quencher oxidation followed by hydrogen trapping
by PIM-1 and hydrogen oxidation at the platinum electrode.
Transport rates of gases such as hydrogen and oxygen in the
glassy PIM-1 structure are low compared to those in bulk solu-
tion, but further study is necessary. Further effects from the
PIM-1 host structure on the photocatalytic reaction and the
electrochemical process need to be investigated.

The architecture Pt/Ni-PHI/PIM-1 was applied in a two-
electrode fuel cell, enabling power generation in a wide range
of potentials. In the future, the efficiency of this type of hydro-
gen-mediated process needs to be improved for example by
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voltage of the fuel photocell of the PIM-1/Ni-PHI system obtained for
(C) methanol and (D) ethanol

exploring a wider range of biomass quenchers and by limiting
the energy consumption by light. Platinum in the cathode can
be removed and replaced by sustainable catalyst alternatives
or by membranes (e.g. hydrogen-permeating Teflon mem-
branes [29]). Furthermore, carbon nitrides have been shown
to be piezocatalytic, which could provide a future pathway
away from light activation towards sound/mechano activation.
Generally, photocatalyst films in PIM hosts could be of wider
use in photocatalysis and photoelectrocatalysis. PIMs provide
a unique molecularly rigid microporous environment for pho-
tocatalysts to be immobilized at surfaces and surrounded by the
aqueous electrolyte phase.
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