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Carbon nitride (CsN4) possesses both a band gap in the visible range and a low-lying conduction band
potential, suitable for water splitting and CO, reduction reactions (CO,RR). Yet, bulk CzN,4 (b-C3Ny)
suffers from structural disorder leading to sluggish reaction kinetics. This can be improved by
graphitisation; however, current processes in the literature, lead to a variety of graphitised C3N4 (g-
C3Ny4), making it difficult to link the degrees of graphitisation with the functional properties. Herein, we
employ complementary analyses, including electrochemical impedance, photoluminescence, and
photocurrent, to elucidate structure—property—function relationships. Guided by the descriptors, we
developed a facile two-step annealing method that yields nanocrystalline carbon nitride (nc-CzN4),
comprising nanoscale graphitic domains within an amorphous matrix. The nanocrystalline grains of nc-
C3N,4 allow effective immobilisation of Cu atoms and stabilisation of low oxidation states (Cu()). Electron
microscopy and energy-dispersive X-ray spectroscopy demonstrate that Cu is atomically dispersed.
Importantly, the addition of only 0.11 wt% of copper to nc-CsN4 drastically decreases the charge
recombination and resistance to change transfer. The synergy of the Cu single-atom catalyst and
nanocrystalline domains in carbon nitride (Cu/nc-C3Ny4) leads to a remarkable 99% selectivity towards
methanol production with a rate of 316 pumol gca(l ht during the photocatalytic CO,RR, which is

rsc.li/sustainable-energy absent in Cu/b-CzNg.

1 Introduction

The necessity for effective environmental remediation is only
further exacerbated by the current energy crisis, growing the
momentum for replacing fossil fuels with sustainable energy
sources. Carbon dioxide (CO,) is by far the greatest contributor
to global warming. The available mitigation strategies to control
future anthropogenic emissions can be divided into two cate-
gories: (i) carbon capture and sequestration (CCS) and (ii)
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carbon valorisation. The inherent difficulties of CCS concern
the finiteness of geological sites where emissions can be stored
before being removed or utilised, whilst the second incurs the
benefits of upcycling CO, to desirable products thus positively
impacting the economy concomitant with reducing global
emissions." For these reasons, global effort is devoted to sta-
bilising the atmospheric abundance of CO, via carbon valor-
isation. The conventional thermocatalytic ventures of CO,
hydrogenation have been rapidly overtaken by potentially more
sustainable methods, such as photo-, electro- and photo-
electrocatalysis, which avoid the use of H, predominantly
sourced from steam reforming, and instead take advantage of
the abundance and omnipresence of water.>* Photocatalysis in
particular offers the added benefit of utilising the inexhaustible
solar energy as the external bias for initiating reactions. This
technology is being avidly explored as one of the best solutions
to pursue a circular economy because it has the potential to
transform CO, into value-added products and chemical
feedstocks.>>%”

On a practical level, the development of photocatalysts
capable of CO, conversion is still proving to be a challenge due
to poor visible light absorption, inadequate adsorption sites,
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high charge carrier recombination and slow reaction
kinetics.*** Methods to improve these have been explored
extensively; employing defect engineering, the use of co-
catalysts and heterojunction formation.** Though there have
been many triumphs in this field, optimisation of materials
towards CO,RR is paramount in untangling the complex mul-
tielectron transfer processes.” Currently, most photocatalysts
employed for CO,RR require complex syntheses, costly pro-
cessing, or the use of rare elements, such as silver, yttrium and
ruthenium.’**® To meet the green credentials of CO,RR,
sustainable materials, such as carbon-based structures with
a small amount of metal, should be used in a facile, effective
synthesis with minimal waste and maximal yields of catalyst
materials, that must be stable in water and be activated by
visible light. Interestingly, carbon nitride (C;N,) meets these
credentials, becoming a potentially efficient photocatalyst for
CO,RR due to its band gap of 2.7 eV and more importantly its
low-lying conduction band (CB), —1.3 eV vs. standard hydrogen
electrode (SHE).*>>*

Usually, carbon nitride materials are synthesised by the
polycondensation of nitrogen-rich precursors, such as urea,
cyanamide and melamine. As a solventless reaction this route is
very attractive. However, the C;N, formed in this manner are
often poorly structurally defined, consisting of uncondensed
polymeric and oligomeric melon structures with a mixture of
amorphous, crystalline and quasi-crystalline domains.”® As
such, these materials often suffer from slow kinetics, insuffi-
cient sunlight absorption and low surface area.>®** Hence,
understanding the role of the material and optimising it for
efficient photocatalysis with desired reaction selectivity has
been very challenging. Some optimisations include but are not
limited to exfoliation, protonation, nitrogen vacancies, defects,
and doping.””*° The most effective methods in addressing these
are heterojunction formation and supported single atom cata-
lysts (SACs) or metal nanoclusters (MNCs).>**'** The work of
Chen, et al. highlights the efficiency of heterojunction forma-
tion between C;N, and WO; and observed a seven-fold increase
in CO, photoreduction compared with pristine C;N,.** Incor-
porating single-atom metal active sites can both enhance reac-
tant adsorption and decrease photogenerated charge carrier
recombination.?®*¢*° The tri-s-triazine vacancies of C;N, offer
perfect sites for atom binding due to strong interactions with N
lone pairs of electrons offering increased stabilisation to
support them, thus avoiding agglomeration. In CO,RR it is most
common to encounter Cu as SACs, typically chosen for its
superiority towards C,. products.***

Despite major advances in this area, there is an inherent lack
of correlation between material structure and property and
consequently its functionality. C3N, materials are typically
classified into four categories — bulk, graphitic, nanosheets and
mesoporous. In reality, C;N, materials are much more
complicated than this simple classification, often existing as
a combination or complex mixture of different phases. To better
understand the correlation between structure-property-func-
tion we must thoroughly understand the catalysts composition
at the nanoscale. Building this structure-property-function
relationship is crucial for better, more efficient photocatalysis.
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In this study, we report a method for synthesising Cu/C;N,4 SACs
where no solvents, reagents or Cu precursor compounds are
required. Cu atoms are deposited directly onto carbon nitride
materials, which are themselves synthesised by a simple
pyrolysis—calcination method from melamine. Firstly, we
investigate the composition and structure of C3;N, at the
nanoscale, using varying calcination temperatures and condi-
tions that allow controlled formation of graphitised nanoscale
domains embedded in an amorphous matrix (nc-C3;N,). Low-
dose transmission electron microscopy (TEM) imaging allows
the visualisation of graphitised domains of carbon nitride in
their pristine state without electron beam damage, thanks to
a single-electron detector. We utilise photocurrent (PC)
response as the key descriptor property for optimisation of the
nc-C3;N, structure, which led us to an optimum platform for
photocatalysis, as it can simultaneously effectively support Cu
atoms and offer optimised physicochemical characteristics,
such as decreased charge transfer (CT) resistance and recom-
bination of charge carriers. We demonstrate that it is the
synergy between the material components that improve all
photophysical properties of the nanocrystalline carbon nitride
due to the excellent interface achieved by a solvent-free atomic
deposition, translating into enhanced catalytic activity of Cu/nc-
C;3N, towards CO, photoreduction to methanol.

2 Results

2.1 Catalyst preparation and structural characterisation

Carbon nitride is a complex material whose structure and
properties are strongly dependent on the method of prepara-
tion, often suffering from poor structural definition which
results in various environments for metal co-catalyst loading,
and concomitantly resulting in poor selectivity towards CO,
reduction products.

As post-synthetic annealing plays a crucial role in carbon
nitride preparation, we utilised the photocurrent response of
carbon nitride as a functional parameter for optimisation of the
annealing conditions (Fig. 1a) demonstrating that 2 hours of
annealing at 500 °C in air yields the material with maximum
photocurrent at 17.6 pA cm™ > (44 times higher than the b-C;N,).
Annealing for longer times or under an inert atmosphere have
an adverse effect on charge carrier recombination (Fig. 1b).

The process of graphitisation was monitored by Fourier
transform infra-red (FT-IR) spectroscopy (Fig. 1c) and
confirmed with Raman spectroscopy (Fig. S11) and CHN anal-
ysis (Table 1). The typical (CN) bands are observed in the FT-IR
spectra (Fig. 1c) for both b-C;N, and nc-C;N, with a breathing
mode at 810 cm ' and stretching modes between 1200-
1600 cm . Differences in the relative intensities of bands at
1567 and 1546 cm ™' are observed. In combination with X-ray
photoelectron spectroscopy (XPS) results (Fig. 2), we can attri-
bute these to pyridinic type C=N and tertiary amine type C-N
bonds, respectively. Upon annealing, the amine-type stretch is
reduced in intensity compared to the pyridinic C=N stretch.
Furthermore, the peaks at 1241 and 1207 cm™ ' become nar-
rower after annealing indicating a higher degree of order for C-
NH-C stretches. As expected, the (NH) stretching modes (3000-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Anodic photocurrent of different forms of carbon nitride
prepared under different conditions follows the order nc-CsNy4 (dark
green) > b-C3N4-4 (light green) > b-C3N4-N, (dark blue) > b-CsNy4
(purple). (b) Change in anodic photocurrent response, Al is calculated
by taking the difference between photocurrent response of on (75 s)
and off (50 s) conditions. (c) Comparison between the FT-IR spectra of
melamine precursor (dashed line), b-CsN4 (purple) and nc-CsN4 (dark
green). (CN) domains: Aryl breathing mode at 810 cm™* (sharp peak)
and stretching modes between 1200-1600 cm™ (blue), 2 changes
between the relative intensity of samples are observed (black dashed
boxes, insert). (NH) stretching modes (3000-3500 cm™) are less
prominent in the C3N4 materials compared to melamine (green). (d)
Comparison of the PXRD (002) reflection peak for b-CsN4 (purple) and
nc-CsN4 (dark green): a slight shift is observed towards higher 26 after
annealing.

Table 1 Elemental composition of b-C3N4 and nc-CsN4. A lower
overall percentage is attributed to the slight oxidation of carbon nitride
during the synthesis of nc-CsN,4. Overall atomic ratio C:N = 4:3
confirms the melon structure of carbon nitride materials

Sample % C % H % N Total%
Melem* 27.3 27.3 45.4 100.0
Melon“ 33.3 16.7 50.0 100.0
b-C5N, 35.2 1.5 61.7 98.3
ne-C;N, 34.4 1.6 60.8 96.7

“ Theoretical values calculated based on molecular composition.

3500 cm ') are less prominent in the C;N, materials compared
to the melamine precursor.***® For both samples, b-C;N, and
nc-C3N, (where nc stands for nanocrystalline, as shown later),
Raman bands are observed on a baseline of increasing fluo-
rescence towards lower Raman shift (Fig. S1T). The extent of
fluorescence is reduced for the nc-C;N, sample, consistent with
a change in the degree of polymerisation following annealing.
The oxidation onset temperature in air (Fig. S2}) increases
significantly upon graphitisation, from 540 to 700 °C, showing
that nc-C;N, has higher thermal stability.

The crystallinity of carbon nitride phases was assessed by
powder X-ray diffraction (PXRD). Both b-C3;N, and nc-C3N,
possess the same diffraction peaks, characteristic of carbon

This journal is © The Royal Society of Chemistry 2024

View Article Online

Sustainable Energy & Fuels

nitride materials (Fig. S31).***° The long-range in-plane struc-
tural motif of the tri-s-triazine units is characterised by the (100)
reflection and the interlayer stacking by the (002) reflection.*®
The width of the (100) peak decreases following thermal treat-
ment, indicating that crystal strain is decreased. Scherrer
analysis indicates the crystallite size increases by 1 nm upon
annealing. Bragg analysis reveals a characteristic spacing of
0.693-0.695 nm whilst interlayer stacking shows a spacing of
0.320-0.322 nm and Scherrer analysis indicates the average
number of layers increases from 35 to 41 under annealing
conditions. Emulation of annealing conditions under ther-
mogravimetric analysis (TGA), shows 17% weight loss, consis-
tent with the yield from the original reaction (Fig. S41). This loss
is attributed to absorbed water (2%) and oxidation (15%).
During calcination, there are two competing processes: (1)
burning off leading to the reduction of stacked layers and (2)
annealing of amorphous carbon nitride to the nanocrystalline
form, leading to the increase of the number of the layers
observed by Scherrer analysis. From this we can assume that the
second process outcompetes the first. Furthermore, there is
a shift to higher 26 for the (002) diffraction, evidencing a slight
reduction in interlayer distance upon annealing (Fig. 1d).
Overall, b-C;N, and nc-C3N, are consistent with the melon form
of C3N,.***" This finding is corroborated with CHN microanal-
ysis whereby the overall atomic ratios for C and N are 3:4 and
hydrogen content is decreased compared to the melon struc-
ture, confirming successful polymerisation (Table 1). Further-
more, CHN indicates further oxidation of the b-C;N, occurs
upon transforming to nc-C3Ny (1.6%). This is corroborated by
TGA, wherein thermal treatment under inert conditions shows
6% less residual weight than for the same conditions in air
(Fig. s4t).

XPS was used to evaluate C, N and Cu environments and
comparatively evaluate how the material changes with anneal-
ing conditions and in turn how this impacts Cu binding. Fig. 2
shows C 1s, N 1s, and Cu 2p XPS for both b-C;N, (top) and nc-
C;N, (bottom). Notably, upon heating, a significant reduction in
the C-N-H peak was observed in both C and N 1s spectra,
concomitant with an increase of the C-(N); peak (Table S17).
This is characteristic of deamination and successful poly-
condensation, whereby the N-H bridged melon oligomers
convert into N-(C); bound tri-s-triazine units, corroborating the
melon structure determined by Raman spectroscopy
(Fig. S17).”> The morphology of the materials was characterised
by scanning electron microscopy (SEM) and TEM. SEM imaging
of b-C;N, shows a broad distribution of particle sizes, typically
between 1 and 10 pm (Fig. S51). Furthermore, particles are non-
uniform and display an irregular morphology (Fig. 3a). In
contrast, nc-C;N, presents more regular domains, in the form of
sheets, embedded in remnants of b-C3;N, (Fig. 3b). Bright-field
high-resolution TEM (HRTEM) was used to characterise the
nanocrystalline domains of nc-C;N,. Carbon nitride is highly
susceptible to electron beam damage, which we mitigated by
using a K3-IS single-electron detector which enabled us to
reduce the electron dose to 5 x 10° e ' nm 2 and reveal the
native crystalline structure of the nc-C3;N, (b-C3N, was not
possible to image even in low dose TEM conditions). Imaging

Sustainable Energy Fuels, 2024, 8, 1691-1703 | 1693
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Fig.2 HR XPS spectra of Cu/b-C3N, in the C 1s (a), N 1s (b) and Cu p*'? (c
The raw data (purple circles) is fitted with peaks of oxidation states and

reveals 20 layers of edge-on lattice fringes of 0.32 nm, corre-
sponding to interlayer stacking (002), in agreement with the
PXRD data discussed above (Fig. 3c). Complementarily, bright-
field AC-HRTEM was used to identify lattice fringes of 0.70 nm
within the plane of crystalline domains. These correspond to
a lattice parameter of the unit cell of in-plane tri-s-triazine
(Fig. 3d), in agreement with previously proposed computational
models,* indicating a high degree of order within the graphi-
tised grains of ne-C3N,. Electron microscopy imaging of b-C3N,
at high magnification is not possible due to the fast decompo-
sition of the material under electron beam irradiation, even
under low-dose conditions. This indicates that b-C;N, has
a lower degree of polymerisation than nc-C3;Nj.

Overall, structural characterisation confirms that under our
annealing conditions, optimised for the photocurrent response,
carbon nitride exists in a hybrid form of nanocrystalline
domains embedded in a matrix of amorphous carbon nitride,

1694 | Sustainable Energy Fuels, 2024, 8, 1691-1703
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which we term nc-C;N,. Previously, carbon nitride has been
demonstrated as an effective support for both metal nano-
clusters and single atom catalysts.>*** With CO,RR in mind, the
deposition of Cu was chosen due to its application in methanol
synthesis and capabilities of efficiently adsorbing CO,.***® To
ensure successful incorporation of Cu active centres, without
perturbing the structure of carbon nitride by heat or any
chemicals, including copper precursor compounds or solvents,
deposition of metal atoms was carried out at room temperature
from the gas phase using magnetron sputtering (Fig. 7b).*® Cu
arrives at the surface of carbon nitride in atomic form, with low
energy landing of copper atoms under our conditions.>®
Weight loadings were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) as 0.16 and
0.11 wt% for Cu/b-C3N, and Cu/nc-C3;N, respectively. The
absence of Cu diffractions in the PXRD patterns suggests that
Cu exists in the form of atoms or sub-nm clusters (Fig. S37).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) SEM image of b-C3Ny4, showing irregular structure (white
circles). (b) SEM image of nc-CzN4, showing sheet-like morphology
embedded in b-C3Ny4 (white circles). (c) HRTEM image at 200 kV of
interlayer stacking (002), of 0.32 nm between 20 layers (inset: higher
magnification of the area in the red box with fast Fourier transform). (d)
AC-HRTEM image of in-plane tri-s-triazine motif distance of 0.70 nm
corresponding to (100) plane. The area shaded red on the structure
depicts the unit cell of a tri-s-triazine lattice with lattice parameter a =
0.70 nm (inset: fast Fourier transform of the area shown in red box).

HRTEM imaging is consistent with the PXRD patterns, only one
area was found to have two particles >1 nm with some smaller
clusters distinguishable from the support (Fig. 4a). Aberration-
corrected scanning transmission electron microscopy (AC-
STEM) imaging shows metal centres more clearly confirming
the nature of Cu to be predominantly single atoms (Fig. 4b),
comprising 71% of the population of the metal species on
carbon nitride, with 29% represented by clusters of atoms
smaller than 0.3 nm in diameter (Fig. S61). Considering the
atomic radii of Cu in any oxidation state these clusters are
unlikely to contain more than three atoms. HAADF-STEM-EDX
corroborates the presence of Cu atoms and their preferential
binding sites. Nanocrystalline domains are observed as areas of
increased image contrast (Fig. 4c). Encircled (yellow) are areas
measured: (i) shows domain with a length of 103 nm and width
varying from 2.9 to 12.8 nm, and (ii) presents a length of 48 nm
with a uniform width of ca. 1 nm. STEM-EDX mapping detects
components of C (red), N (blue) and Cu (green) (Fig. 4d). The
proximity expected of C (Fig. 4e) and N (Fig. 4f) within the nc-
C;3N, structure is observed by the purple colour depicted.
Deconvolution into individual elements allows a clearer evalu-
ation of the nanocrystalline domains. nc-C;N, is expected to
have local areas of higher (g-C3;N,) and lower (b-C3N,) density,
which results in the areas of higher image contrast observed in
both AC-STEM and AC-HRTEM micrographs. This suggests that
nanodomains of crystalline carbon nitride are distributed
throughout the nc-C3;N, sample and are typically surrounded by
an amorphous matrix. As STEM, TEM and PXRD indicate, Cu

This journal is © The Royal Society of Chemistry 2024
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exists in atomic or near-atomic form, distributed evenly over the
whole sample. A brighter Cu signal correlates well with nano-
crystalline areas, suggesting there are more binding sites along
the nanocrystalline domains (Fig. 4g).

The Cu'*/Cu** ratio was determined by the XPS Cu 2p spectra
of b-C;N, (Fig. 2c) and nc-C3N, (Fig. 2f), following the meth-
odology outlined by Biesinger and co-works (Table S2 and
S31).* While this method presumes an overlap in the contri-
bution of Cu® and Cu'", in the case where only Cu single atoms
are present and bond with C;N,, we assume that the contribu-
tion of Cu® becomes negligible, supported by other works.®"2
Both samples presented Cu'* and Cu®" species. However, after
thermal treatment, the interaction of Cu single atoms on the
surface of nc-C3N, drive for a notably higher Cu'" content,
around 70%, compared with the b-C3;N,, with showed an
equivalent 50% contribution for both Cu'* and Cu®*. This
finding implies that a decrease in the C-N-H species on the
material's surface, led for a higher proportion of Cu'* over Cu>".

2.2 Optical and electrochemical characterisation

The optical absorption properties of the carbon nitride mate-
rials were studied using UV-Vis diffuse reflectance spectroscopy
(Fig. S77). All carbon nitride samples show an absorption edge
beginning at 450 nm, corresponding to the visible light
absorption. Deposition of Cu leads to higher absorption
intensities and increased absorption at A < 450 nm. This
phenomenon is characteristic of ligand-to-metal charge transfer
(LMCT) and has been noticed to occur in compounds of similar
types of nitrogen-bearing ligands and Cu.*®*** The band gap
values of the materials were obtained by Tauc plot analysis and
are in the range of 2.6-2.67 eV (Fig. S81).°>*® To explore the band
structure of the catalysts, we measured the flat band potential of
b-C;N, using Mott-Schottky analysis. The CB potential is at
—0.87 Vvs. AgCl/Ag (—1.08 V vs. SHE), which is negative enough
to perform photocatalytic CO,RR (Fig. S91). The valence band
(VB) potentials of +1.8 V vs. AgCl/Ag (1.59 V vs. SHE) in b-C3N,
and +1.73 Vvs. AgCl/Ag (1.52 V vs. SHE) in nc-C;N, were derived
from the bandgap and CB potential values, as shown in (Fig. 5a).

The effect of Cu atoms on radiative recombination was
investigated by photoluminescence spectroscopy (PL) using
384 nm excitation. A clear trend is observed (Fig. 5b), emission
intensity decreases with graphitisation and Cu atom loading,
indicating that both decrease the radiative recombination of
charge carriers in carbon nitride. Interestingly, graphitisation
decreases PL by 42% upon transition from b-C;N, to nc-C;N,,
whereas Cu incorporation decreases PL by 73% for b-C3;N,
material and 59% for nc-C;N,. Additionally, we tested the
charge transfer property of the catalyst using electrochemical
impedance spectroscopy (EIS) and observed that nc-C3;N, shows
a small semicircle with an Rqr value of 1172 ohms, which is 17%
less resistant compared to b-C3N, (1407 ohms). Incorporation of
Cu atoms promotes better charge transfer by 65% and 77% for
Cu/b-C;N, (487 ohms) and Cu/nc-C;N, (270 ohms), respectively,
when compared to the copper-free samples (Fig. 5¢). To validate
the EIS results and test the photogenerated charge separation,
we tested the photocurrent responses of the catalyst before and
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Fig. 4

(a) HRTEM image at 200 kV of Cu/nc-CsN4 with a spacing of 0.7 nm between tri-s-triazine units, showing Cu atoms (yellow circles) and

CuNPs (yellow squares). (b) AC-STEM image showing Cu atoms (yellow circles). (c) HAADF-STEM image of Cu/nc-CsN4, nanocrystalline domains
pertain to brighter areas of the image and the remainder to amorphous carbon nitride domains. Measurable nanocrystalline domains are
encircled (yellow). (d) Composed STEM-EDX map of all components overlapping: C (red), N (blue), Cu (green). (e), (f) and (g) Single elemental

maps of C, N and Cu respectively.

after loading Cu. Increased photocurrent response correlates
with graphitisation and is further increased by Cu loading
(Fig. 5d). Change in photocurrent density response is largest for
Cu/nc-C3N, with —7.836 pA cm ™2, almost double the response
seen for Cu/b-C;N, with —4.563 pA cm > (Fig. S10t). These
agree very well with EIS and PL results. The sharp response in
Cu-loaded samples indicates a rapid charge accumulation
potentially due to the lack of electron scavengers used in this
experiment.

2.3 Photocatalytic CO, reduction

The photocatalytic CO, reduction activities of b-C3N,, nc-C3Ny,
Cu/b-C;N, and Cu/nc-C3N, were tested in the presence of DI
water (pH ~ 7) containing 2 mM Nal, as a hole scavenger under
solar simulated irradiation. All catalysts produce CH, as the only
gas product. Cu/b-C;N, shows a formation rate two times higher
(0.28 pmol g.,. ' h™") than b-C;N, (0.13 pumol g, * h™") and
three times higher than the nanocrystalline samples, Cu/nc-C3;N,

1696 | Sustainable Energy Fuels, 2024, 8, 1691-1703

(0.09 pumol g.,. * h™") and nc-C3N, (0.07 umol ge,e * h™") at
135 min on stream (Fig. 6a). In stark contrast, the addition of only
0.11 wt% of Cu to nc-C;N, leads to a radical change in selectivity,
directing CO, conversion to liquid product formation. Methanol
is produced at a rate of 316 pmol g, h™" (Fig. 6b). This radical
change is attributed to the nanocrystalline domains improving
charge carrier mobility when compared to the bulk material.”
And is related to the fact that Cu atoms help suppress the radi-
ative recombination of excitons in the nanocrystalline form of
carbon nitride significantly more than in the amorphous form
(Fig. 5b) which leads to a 7-fold increase in photocurrent in Cu/
nc-C;N, (Fig. 5d). This material combination is rarely reported in
the literature and to the best of our knowledge the initial
formation rate of methanol achieved in this work is 9 times
higher than the greatest already reported (Fig. 6b)."* Further-
more, we have measured the oxidation products of the reaction
using UV-Vis spectroscopy and observed no evidence of 103~
formation. Hence, under the present condition the hole

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Proposed mechanism for CO, reduction showing the different band alignments for b-C3N4 and nc-C3sN,4 derived from Fig. S9-S11}

(—0.87 V vs. AgCl/Ag corresponds to —1.08 V vs. SHE). (b) PL spectra (excitation = 445 nm) showing decreasing emission with increased
graphitisation and Cu loading. (c) EIS measurements of carbon nitride materials with and without Cu. (d) Photocurrent response showing
increasing concentration of charge carriers formed due to light absorption in the following order Cu/nc-CsNy4 (dark blue) > Cu/b-C3Ny4 (light

green) > nc-C3Ny4 (dark green) > b-CsN4 (purple).

scavenger I would form I, or I;~ (Fig. 5a). Running the process
over several consecutive cycles indicated that methanol may be
consumed over the long runs of the catalyst (Fig. S111), which
would necessitate the product separation in future applications
of Cu/nc-C;N,. The total apparent quantum yield (AQY) for CH,
and CH;OH was assessed at various monochromatic wavelengths
from 420-600 nm (Fig. S12f). The profile matches the light
absorption behaviour of nc-C;N, indicating that the process is
photo driven. The AQY at 420 nm is 0.06%, considering the 8 and
6 electron processes involved in CH, and CH3;OH formation from
CO,, respectively.

3 Discussion

The synergy between the nanocrystalline domains of nc-C3;N,
and Cu single atoms has significant implications for the func-
tional properties of this material, with particular relevance to
applications in photocatalysis. We adopted an approach where
anodic photocurrent response in carbon nitride films deposited
on FTO is used as a guide for optimisation of graphitisation
conditions. This approach allows the identification of a form of
carbon nitride (nc-C;N,) where nanoscale crystalline domains
of C3N, are embedded in a matrix of amorphous b-C;N, mate-
rial, as revealed by HRTEM and SEM imaging (Fig. 3). We have
extensively investigated this aspect by various methods,
demonstrating that some techniques are more appropriate than

This journal is © The Royal Society of Chemistry 2024

others for this type of structural evaluation. Whilst IR and
Raman spectroscopies are not very sensitive to the changes
taking place during the annealing process at 500 °C; PXRD,
HRTEM and XPS are highly diagnostic. Carbon nitrides are in
general highly sensitive to electron beam damage, and because
of this, the structural characterisation of b-C3N, is challenging
due to rapid decomposition under typical electron beam volt-
ages used for TEM analysis (i.e., 80-200 kV). However, the
partial graphitisation in nc-C;N, sufficiently improves the
stability of the material under low-dose TEM conditions (single-
electron detector) allowing, for example, to measure projections
of the (002) planes in HRTEM images with an interlayer spacing
of 0.32 nm (Fig. 3c), which is in agreement with the average
interplanar distance of 0.321 nm obtained from PXRD analysis
and consistent with those reported in literature.” The in-plane
structure of the nanocrystalline domains in nc-C3N, can also be
readily imaged by AC-HRTEM, revealing the tri-s-triazine motif
distance of 0.70 nm corresponding to the unit cell lattice
parameter (Fig. 3d). Electron microscopy analysis demonstrates
that nanocrystalline domains in nc-C;N, have highly ordered
tri-s-triazine sites, ideal for the stabilisation of single metal
atoms.

The structural and chemical changes caused by annealing in
carbon nitride, such as the significant reduction of C-N-H
bridge groups shown by XPS (Fig. 2d and e) translate well to the
functional properties. Once again, not all methods are sensitive
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Schematic representation of CO, photoreduction on a nanocrystalline
domain of carbon nitride decorated with single copper atoms.

to the formation of nanoscale graphitised carbon nitride
domains, as UV-Vis absorption spectra are virtually the same
before and after annealing, but there is a dramatic change in PL
indicating a significantly faster radiative charge carrier recom-
bination in b-C;N, compared to nc-C;N,4, which can be linked to
the larger number of defects acting as recombination centres in
the former. Indeed, EIS shows that the nanoscale graphitised
domains in carbon nitride decrease resistance to charge trans-
fer by 17%. The most drastic effect of nanoscale graphitisation
of carbon nitride is on photocurrent generation, a three-fold
increase in the case of nc-C;N,, which can be attributed to
a combined effect of better charge mobility and a lower likeli-
hood of radiative recombination due to an increased in-plane
electron migration in the nanocrystalline domains.?””>7*7* In
addition, it is important to evaluate the forms of carbon nitride
for metal binding, as the metal-semiconductor synergy is
important for tuning activity and selectivity of photocatalytic
CO,RR. Our method of Cu atoms deposition avoids any arte-
facts associated with changes in the delicate structure of carbon
nitride due to solvents, reagents, or harsh conditions (Fig. 7b)
and allows evaluation of the metal-semiconductor interactions
in their purest form. Previous studies showed that post-
synthesis deposition of metal by wet chemistry methods onto
carbon nitride is more likely to lead to nanocluster formation
than if the metal is added during the synthesis of carbon
nitride.”® Remarkably, in our case, AC-STEM imaging of Cu/nc-
C;N, material reveals that over 70% of the metal loaded is in the
form of single-atoms adsorbed on carbon nitride, with the rest
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of Cu atoms deposition by sputtering metal atoms from the solid metal
target in vacuum directly onto carbon nitride (copper red, carbon grey,
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forming very small clusters up to ca. 3 atoms of copper (Fig. 4b).
STEM-EDX elemental mapping shows that copper atoms are
distributed over the surface of nc-C;N, particles, with a higher
concentration along the edges of the nanocrystalline domains
(Fig. 4g). Such a fine dispersion of metal means that only
0.11 wt% of Cu vastly enhances the functional properties of
carbon nitride. Indeed, radiative recombination is reduced by
59% in nc-C;N, and 73% in b-C;N, by the presence of Cu atoms.
Both see an improvement, attributed to the Cu centres acting as
electron sinks due to Cu reduction potentials being more
positive than the bottom of the conduction band of carbon
nitride.”” The difference seen by nc-C;N, suggests that the
enhanced electron migration results in electron entrapment at
sites rich in b-C3N, character, thus further decreasing PL
intensity. Furthermore, the presence of copper suppresses the
resistance of both nc-C;N, and b-C3N, by 77% and 65%,
respectively, as measured by EIS (Fig. 5c), indicating that Cu
atoms help to extract negative charge carriers from carbon
nitride. XPS measurements reveal an unexpected influence of
the degree of graphitisation of carbon nitride on the oxidation
state of copper. nc-C3N, largely bears Cu(i), which is widely

Table2 Samples prepared by annealing b-CsN4. Annealing conditions
detail the temperature, time and atmosphere employed

Sample Annealing conditions
nc-C;N, 500 °C, 2 h, air
b-C3N,-4 500 °C, 4 h, air
b-C3N,4-N, 500 °C, 2 h, nitrogen

This journal is © The Royal Society of Chemistry 2024
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accepted to be the active site for methanol synthesis, both in
thermal catalysis and photocatalysis.”**" The preference for
Cu(r) binding is explained by considering the increased number
of crystalline domains, which possess the pure melon-type
carbon nitride character in nc-C3N,. As tetrahedrally coordi-
nated Cu(r) has a radius of 0.074 nm,* considering a Cu-N bond
length of 0.196 nm (ref. 83) there are three possible coordina-
tion sites for each nc-C3N, heptazine cavity (Fig. S13t) which
have the N-N distance of 0.26 nm. It is instructive to compare
the effect of metal atoms on carbon nitride activity in CO,
reduction reaction. The addition of Cu atoms to b-C3N,
increases methane production by around 30%, indicating better
charge transfer as seen by EIS and photocurrent measurements
(Fig. 5¢ and d). However, the addition of only 0.11 wt% of Cu to
nc-C3N, leads to a radical change in selectivity, directing CO,
conversion to methanol at a rate of 316 umol g.,, ' h™* (Fig. 6b).
This is related to the fact that Cu atoms are attached directly to
nanocrystalline domains, both in-plane (Fig. 4a and b) and at
the edges of the plane (Fig. 4g), as evident from electron
microscopy. Fig. S147 highlights the Cu binding with nc-C;N,
both in the graphitised and amorphous domains. Such close
contact between the Cu atoms and highly ordered planes of
semiconductor may allow fast transport of electrons to catalytic
centres, where they could be readily utilised for CO, conversion.
Indeed, the addition of Cu atoms suppresses the radiative
recombination of excitons in the nanocrystalline form of carbon
nitride significantly more than in the amorphous form (Fig. 5b)
which leads to a seven-fold increase in photocurrent in Cu/nc-
C3N, (Fig. 5d). This, coupled with the significantly reduced
charge transfer resistance of Cu/nc-C3N, (270 ohms; Fig. 5c),
ensures that photo-generated electrons are readily translated to
Cu-methanol production sites (Fig. 6c¢).

4 Conclusions

Carbon nitride is a highly promising catalyst for CO, conversion
to high-value products, but there are many open questions
regarding the forms of this semiconductor best suited for
photocatalysis. In this study, we demonstrate annealing at 500 ©
C for 2 hours leads to the formation of nanoscale domains of
graphitic carbon nitride embedded in a matrix of amorphous
carbon nitride - nc-C3N,. Such subtle changes are practically
undetectable in bulk methods of characterisation, but they
produce drastic changes in the functional properties of carbon
nitride decreasing resistance to charge transfer by 17%,
recombination of charge carriers measured by PL by 42% and
increasing photocurrent three-fold. Importantly, nc-C;N,
enables the stabilisation of single copper atoms both in-plane
and at the edges of graphitised nanodomains, as revealed by
low-dose HRTEM imaging employing a single-electron detector
and STEM-EDX spectral imaging. It is the synergy between the
material components that improve all photophysical properties
of the nanocrystalline carbon nitride due to the excellent
interface achieved by a solvent-free atomic deposition, trans-
lating into enhanced catalytic activity of Cu/nc-C;N, towards
CO, photoreduction to methanol. Importantly, a similarly
dispersed atomic Cu on an amorphous form of carbon nitride

This journal is © The Royal Society of Chemistry 2024
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did not change the catalytic activity of Cu/b-C3N,, emphasising
the importance of crystalline domains and Cu atoms both co-
existing in close contact for the efficient CO, reduction catal-
ysis. Our approach links the structure and properties of carbon
nitride and provides a framework and methodology for future
search for effective photocatalysts using the degree of local
graphitisation as a basis for optimisation.

5 Experimental
5.1 Materials and methods

Standard reagents, including melamine and sodium iodide,
were purchased from Sigma-Aldrich Chemicals and were used
as received. Carbon nitrides were synthesized by poly-
condensation of melamine (Fig. 7a). Post-heat treatments of b-
C;3N, were then performed as detailed below.

5.2 Preparation of bulk carbon nitride (b-C3N,)

Typically, melamine (8 g) was placed in a quartz crucible with
a loose-fitting lid and heated to 360 °C with a heating rate of 5 ©
C min~" and held at 360 °C in the air for 30 minutes. Subse-
quently, the solid was heated to 600 °C at a heating rate of 5 °©
C min~" and held at that temperature for 3 hours. This process
yields a compressed yellow powder, which was ground to a fine
powder and sieved (250 pm), with 52% yield, and denoted as b-
CsN,.

5.3 Preparation of nanocrystalline carbon nitride (nc-C3N,)

Nanocrystalline carbon nitride (nc-C3N,) was obtained by
annealing the b-C3N, at 500 °C for 2 hours to obtain an 83%
yield. Other samples were prepared similarly (Table 2).

5.4 Preparation of Cu SACs

Cu SACs were obtained by using an AJA magnetron sputtering
system (Fig. 7b). Briefly, a typical sample of carbon nitride (1.5 g)
was placed in the glove box and heated under vacuum for 5 hours
(120 °C) to remove any moisture. Then, the dried C;N, analogues
were transferred to a custom-built stirring sample holder which
was transferred to the load-lock chamber. Once the pressure
reached 107° torr (15 min), the sample was transferred to the
main chamber and left until pressure stabilised (10~ torr). The
Cu depositions were carried out at room temperature with
a working pressure of 3 x 10> torr Ar plasma applied to a Cu
target (99.99%) with a current of 300 mA for 30 minutes.

5.5 Materials characterisation

Fourier transform infrared (FT-IR) spectra were recorded at
room temperature using a Bruker Tensor 27 spectrometer. All
samples were analysed by the KBr pellet method. Typically,
a small amount of sample (1-2 wt%) was ground with KBr (125
mg) in an agate mortar and pestle, and thus formed powder was
compressed at 8 tonnes for 5 minutes. CHN microanalysis was
performed by analytical services at the University of Notting-
ham. Scanning electron microscopic (SEM) images of the
samples were obtained using a JEOL 7000F Field Emission Gun
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microscope using a 15 kV e-beam and the elemental mapping
was performed using an Oxford Instruments ULTIM MAX 100
and Aztec EDX (energy dispersive X-ray) system. Nanocluster
size and atomic structure were characterized by a JEOL JEM-
2100F aberration-corrected scanning transmission electron
microscope (AC-STEM) equipped with a Cs probe corrector
(CEOS) at a convergence angle of 19 mrad and annular dark
field detector (ADF) operating with an inner angle of 31 mrad
and outer angle of 82 mrad at 200 kV. The bright field (BF)
detector was also used in parallel. High-resolution transmission
electron microscopy (HRTEM) was performed using a JEOL
FEG-TEM microscope equipped with a single-electron detector
Gatan K3-IS camera operated at 200 kV. Aberration correction
(AC-HRTEM) was performed at 80 kV using a chromatic and
spherical aberration-corrected TEM (SALVE, http://www.salve-
center.de). Additional scanning (S)TEM together with EDX
mapping was performed at 200 kV using a Thermofisher Talos
200x. TEM samples were prepared via a drop casting
technique, where samples were first dispersed in propan-2-ol
using ultrasonication and thus formed suspension was depos-
ited on an Au grid mounted “lacey” carbon films (Agar). All TEM
images were processed using Gatan Digital Micrograph. Ther-
mogravimetric analysis (TGA) was executed using a TA Q500
Thermogravimetric Analyzer. All samples were loaded in a plat-
inum pan for analysis under air atmosphere using the following
programme: ramp at 10 °C min~* from 20 to 1000 °C, hold for
10 min at 1000 °C, and air flow at 60 mL min~!, unless other-
wise stated. Powder X-ray diffraction (PXRD) measurements
were performed using a PANalytical X'Pert Pro diffractometer
fitted with a Cu K(a) radiation source (A = 1.5432 A, 40 kV 40
mA). Sample adhesion was eased with propan-2-ol addition to
a zero background Si plate holder. Typical parameters were start
angle: 5°, stop angle: 60°, step size: 0.0525°, time/step: 6080 s,
and scan rate: 0.00220° s~ . Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) measurements were per-
formed on a PerkinElmer Optima 2000 spectrometer, with Cu/
carbon nitride catalysts (10 mg) digested using aqua regia (2
mL) and diluted to 10 mL with a 5% HCI solution. X-ray
photoelectron spectroscopy (XPS) was performed using a Kra-
tos AXIS SUPRA PLUS instrument with a monochromatic Al Ko
X-ray source (hv = 1486.6 eV) operated at room temperature
with 10 mA emission current and 12 kV anode potential. The
electron collection spot size was ca. 700 x 300 pm>. A pass
energy of 160 eV was used for the survey scans and 20 eV for the
high-resolution scans. Spectra were converted into VAMAS
format for further analysis. The data was processed using CASA-
XPS software. Charge correction in reference to C 1s at 284 eV.*
Ultraviolet-visible spectroscopy (UV-Vis) was performed on an
Agilent Cary 5000 UV-Vis NIR Absorption spectrometer using
a DRA-900 InGaAs integrating sphere. Photoluminescence (PL)
measurements were performed on an Edinburgh Instruments
FLS 980 with a 420 nm long pass filter. The excitation wave-
length was fixed at 384 nm and the emission range 404-800 nm
was scanned with AA = 1. Raman spectroscopy was performed
using a HORIBA LabRAM HR Raman microscope. Samples were
prepared by drop casting onto Si (100) chips from propan-2-ol
suspension. Spectra were acquired using a 785 nm laser (at
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~20 mW (100%) power), a 100x objective and a 200 pm
confocal pinhole. To simultaneously scan a range of Raman
shifts, a 300 lines mm™ " rotatable diffraction grating along
a path length of 800 mm was employed. Spectra were detected
using a Synapse CCD detector (1024 pixels) thermoelectrically
cooled to —60 °C.

5.6 Photoelectrochemical characterisation

All the electrochemical and photoelectrochemical measure-
ments were performed in a conventional three-electrode (pho-
tocatalyst film deposited on FTO substrate as working electrode,
AgCl/Ag reference electrode, and a platinum wire counter elec-
trode) cell using an electrochemical analyser (IVIUM Technol-
ogies). A 0.1 M NaHCO; (pH ~ 7.6) solution was used as the
electrolyte without any hole-scavenger. The photocatalyst film
on FTO was prepared by electrophoretic deposition method.
Briefly, 1 mg mL ™' photocatalyst suspension in acetone was
prepared by ultrasonication for 1 hour and then 10 mg of I, was
added into the suspension as a charging agent. Two identical
FTO plates were immersed into the suspension with a distance
of 2 cm and 50 V DC bias was applied for 5 min. A film was
deposited onto the negative electrode (cathode). Then, the
substrates were dried at 150 °C for 1 hour in an oven to remove
any residues before electrochemical tests. The area of the pho-
tocatalyst thin film was 1 x 1 cm?. A 300 W Xe lamp light source
with an AM 1.5 filter was used for photocurrent measurement.
The irradiation intensity on the sample was measured to be 30
mW cm 2 (~0.3 sun) using a spectroradiometer (StellarNet).
The charge transfer resistance of the material was estimated
using electrochemical impedance spectroscopy (EIS) at
a constant bias of 1.1 Vvs. AgCl/Ag, with frequency ranging from
100 kHz to 1 Hz with a 10 mV amplitude.

5.7 Photocatalytic CO, reduction measurements

The photocatalytic activity of the catalysts was tested in
a custom-built Pyrex continuous flow photoreactor (Fig. S157),
equipped with two mass flow controllers. The reactor was
purged with high-purity Ar to eliminate any residual peaks. A
10 mL catalyst suspension (1 mg mL™" in water) containing
2 mM Nal, which was used as a hole scavenger to improve
charge separation, was placed in the reactor. The solution was
saturated with CO, at a rate of 5 sccm for 1 h. Subsequently, the
CO, flow was reduced to 0.5 sccm before the reaction
commenced. A control measurement was performed under Ar
with a flow rate of 0.5 sccm to confirm the carbon source of all
carbonaceous products is CO, (Fig. S167). A 300 W xenon arc
lamp (Sci-Sun 300 solar simulator) was used to irradiate the
catalyst suspension at a working distance of 15 cm. Gas prod-
ucts of the CO,RR were measured by an Agilent 7890B gas
chromatographer equipped with a flame ionisation detector
(FID), thermal conductivity detector (TCD) and mass spec-
trometry detector (MSD). All data was processed using Mass-
Hunter software and the peak area was converted to the
concentration using the calibration curve, which was obtained
by a standard gas mixture. The apparent quantum yield (AQY) of
the gas products was determined by performing photocatalytic

This journal is © The Royal Society of Chemistry 2024
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experiments at specific wavelengths by using an appropriate
bandpass filter and the AQY value was obtained using eqn (1).

nx [X] x Na
(I X A)/Epholon

where n is the number of electrons per product, [X] is the
amount of gas product (moles s~ '), N, is the Avogadro number
(mol™), I is the irradiation power at specific wavelength (W
em ?orJs ' em™?), A is the incident area (cm?) and Epnoton iS
the photon energy at that wavelength in Joules. The light
intensity of the lamp at monochromatic wavelength was
measured using an optical power meter (Thorlabs, Model
PM100D).

Liquid products were measured by "H NMR spectroscopy
using a Bruker AV(m) 500 with solvent (H,O) suppression
(Fig. S177). An aliquot of the water from the reactor (500 uL) was
added to D,O (48 puL) and an aqueous solution of DMSO (4 mM,
40 pL) was added to act as an internal standard, and the
concentration was calculated using eqn (2).*°

AQY (%) = % 100 (1)

Coroduct = Cstandard X % @)
where Cgiandard, Istandarda aNd Hgandara are the concentration of
the prepared standard (4 mM), the integrated area of internal
standard and the number of hydrogen atoms present on the
standard molecule, respectively. The Cproducty Iproduce and
Hproduer are the concentration of the product, the integrated
area of the product peak, and the number of hydrogens present
in the product molecule, respectively. The possible oxidation
reaction product was measured using UV-Vis spectroscopy as
reported earlier.®®
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