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ABSTRACT: The concentration of nitrate in natural surface
waters by agricultural runoff remains a challenging problem in
environmental chemistry. One promising denitrification strategy is
to utilize photocatalysts, whose light-driven excited states are
capable of reducing nitrate to nitrogen gas. We have synthesized
and characterized pristine and silver-loaded graphitic carbon
nitrides and assessed their activity for photocatalytic nitrate
reduction at neutral pH. While nitrate reduction does occur on
the pristine material, the silver cocatalyst greatly enhances product
yields. Kinetic studies performed in batch photoreactors under
both UV and visible excitation suggest that nitrate reduction to
produce aqueous nitrite, ammonium, and nitrogen gas proceeds via
a cooperative water reduction on the silver metal domains to
produce adsorbed H atoms. By varying the percentage of silver loading onto the g-C;N,, the density of metal domains can be
adjusted, which in turn tunes the reduction selectivity toward various products.

[l Metrics & More | @ Supporting Information

B INTRODUCTION

The nitrogen cycle, which interconverts nitrogen between
oxidized and reduced forms, is of central importance to
agriculture, energy, and the environment. A significant recent

selectivity toward N, formation, and environmental compat-
ibility.

Although the transformation of nitrate into chemically stable
reduced species occurs through a number of interrelated multi-

driver of this cycle has been anthropogenic nitrogen fixation,
primarily directed toward the nitrification of soils for
agriculture but also toward applications in chemical synthesis
and energy storalge.l_4 While essential for modern agriculture,
anthropogenic nitrogen fixation is a significant perturbation to
the nitrogen cycle, resulting in environmental degradation in
the form of eutrophication of surface waters and contamination
of groundwaters.””” To rebalance the nitrogen cycle,
identification of an artificial denitrification strategy that is
distributable and can be implemented on a large scale is
imperative.

In nature, denitrification primarily occurs via the sequential
reduction of NO, to N, in microbial organisms.g_10
Contemporary water treatment approaches replicate this
natural denitrification process, utilizing bacteria to catalyze
the multi-step electron transfer pathway to convert NO, into
N,. Although highly effective, this approach relies on large
facilities that are resource intensive and centralized.” One
alternative approach is to drive nitrate reduction on semi-
conductor photocatalysts activated by sunlight. Such photo-
catalytic nitrate reduction (PNR) schemes are promising
alternatives for large-scale artificial denitrification as they could
be incorporated into technologies that are highly distributable.
Nevertheless, successful application of PNR is contingent on
finding materials that are suitable in terms of efficiency, cost,
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step reactions, the initial reduction of nitrate to its radical
dianion (E°(NO3;/NO%°) = — 0.89 V vs SHE)'"'"* is
electrochemically most demanding. This initial step follows
one of two pathways. The vast majority of work in PNR
exploits an indirect route in which an aqueous anion (often
CO,*7) is produced when an introduced hole scavenger (e.g.,
formic acid) is oxidized by the photoexcited semiconductor.

In a subsequent step, nitrate is reduced by the intermediate
aqueous radical anion, which has a reduction potential more
negative than that of the NO; /NO;*>~ couple. Thus, the
oxidation potential of the photogenerated holes, together with
the ensuing radical chemistry of the hole scavenger, determines
the initial yield of the first stable intermediate, NO,™. To date,
most efforts in PNR have focused on TiO, as a light absorber
and catalyst."*~"> Because TiO, has a conduction band (CB)
edge (—0.13 V vs SHE at pH = 0) that is more positive than
the one electron reduction of nitrate,'>'” it is generally
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Figure 1. TEM images of (a) g-C;N,, (b) 6.4% Ag/g-C5N,, and (c) 12.7% Ag/g-C;N,. (d) UV—vis absorption spectra and (e) emission spectra of

pristine g-C;N, and hybrid Ag/g-C;N, materials.

accepted that PNR with TiO, proceeds via the indirect
mechanism described above. On the other hand, if the
reduction potential of the CB is sufficiently negative, then the
photogenerated electrons can directly reduce nitrate to the
radical dianion. This second, direct path to PNR utilizes
photogenerated electrons (and not holes) to initialize the
reduction reaction."”

Regardless of the initial reduction path, the transformation
of NO;™ to NO, 7, the first stable intermediate, is a two-proton,
two-electron process. As described in detail in the review of
Tugaoen et al., further reduction of nitrite proceeds through a
complex series of coupled reactions that, regardless of whether
ammonium or nitrogen gas is the product, requires another six
electrons and eight protons.” Most published work to date has
fulfilled the requirement for protons by using formic acid as a
hole scavenger, which lowers the pH of the reaction vessel to
~2.5.1 31419722 However, in most natural water systems, the
pH is near neutral. It is therefore essential to find potential
PNR photocatalysts that provide not only a high current of
electrons (of sufficient reduction potential) but also a steady
stream of protons or adsorbed H atoms at circumneutral
pH.2 7%

This work describes initial efforts at utilizing graphitic
carbon nitride (g-C3;N,) to meet the stringent demands of
nitrate reduction. g-C;N, possesses a conduction band energy
(=13 V vs SHE)**"*® sufficient for the direct one-electron
reduction of nitrate and therefore is a promising candidate for
initializing direct nitrate reduction in the absence of a hole
scavenger. Additionally, g-C;N, is inexpensive, stable under
photocatalytic conditions, and environmentally benign.”” Both
pure g-C;N, and Ag/g-C;N, hybrid photocatalysts were
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studied, with the hybrid system exhibiting faster reduction
rates under both visible and UV photoexcitation. The rate of
nitrate reduction under UV light illumination is faster than that
under visible light irradiation. Reduction of NO;™ to NO,™ is
independent of silver metal loading onto g-C;N,; however,
varying the silver loading appears to modify product selectivity
toward nitrogen gas or ammonium. Excitation wavelength-
dependent kinetic studies suggest that reduction of nitrate
likely proceeds first via photocatalytic water reduction to form
chemisorbed hydrogen (*H) on the Ag surface, which in turn
reduces nitrate to its radical dianion.

B RESULTS AND DISCUSSION

Materials Characterization. Figure 1 highlights trans-
mission electron microscopy (TEM) and spectroscopic
characterization of the pristine and hybrid materials. Panel a
shows the TEM image of as-prepared pure g-C;N,. The higher
contrast dark dots in panels b and ¢ are regions of deposited
silver metal. As the weight percentage of the silver nanoparticle
increases from 6.4 to 117.5%, the number of decorated silver
nanoparticles on the g-C;N, increases (SI). While it is difficult
to confidently determine an accurate distribution of nano-
particle sizes from a limited number of TEM images, particle
size histograms (Figure S3) show that the particle sizes
generally range from 10 to 100 nm in diameter, with larger
diameters more prevalent at higher mass loadings.

Panel d of Figure 1 shows the absorption spectrum of
pristine g-C3N,, which is consistent with a previously reported
bandgap energy of 2.7 eV.”® For the hybrid materials, an
additional broader absorption band can be observed between
~450 and ~ 550 nm, attributable to the surface plasmon
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resonance of the silver nanoparticles. The absorbance of this
redshifted peak increases as silver loading is increased from 6.4
to 117.5%, confirming a larger population of silver metal
nanoparticles with greater mass loadings.

The effects of increased silver loading on photoluminescence
(PL) yield can be seen in Figure le, which shows emission
spectra of g-C3N, and Ag/g-C;N, collected after excitation at
310 nm for identical OD samples. Pure g-C;N, shows the
highest relative emission intensity, with evidence of quenching
as silver loading is increased in the hybrid Ag/g-C;N,
materials. The emission quenching observed in the hybrid
Ag/g-C;N, is likely due to charge transfer from the g-C;N,
semiconductor to the silver metal nanoparticle, preventing
radiative recombination of the photogenerated excited
state.’>™*° Note, however, that extensive quenching of the
PL is not observed until the highest two Ag loadings,
suggesting that many emissive states have insufficient mobility
to encounter an Ag particle during their lifetime.***”

Photocatalytic Nitrate Reduction under UV Light. To
evaluate the photocatalytic nitrate reduction activity of g-C3N,,
batch reactor studies were performed with 360 nm illumination
over 8 h using methanol as a hole scavenger.”**™*° Figure 2
summarizes the fractional NO,~, N,, and NH," composition of
the reaction mixture after 8 h of illumination under UV
illumination for pristine g-C;N, and Ag/g-C;N, catalysts with
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Figure 2. (a) Comparison of photocatalytic NO;~ reduction into
different reduced nitrogen species over pristine and silver-loaded g-
C;N, under UV light. (b) Fractional nitrogen kinetics (with respect to
initial nitrate concentration) for 12.7% Ag/g-C;N, under 360 nm
irradiation for 8 h. The solid lines show the global best fit to the data
using the kinetic model of scheme 1. Note that N, and NH," fits are
superimposed.

increasing Ag loading. The reported values represent averages
of two or three separate runs (Table S1).

The results from the batch reactor studies show that pristine
g-C3N, is photocatalytically active, reducing 16.5% of the
nitrate over the course of an 8 h reaction time. The majority of
the (non-NO;"™) nitrogen remains as nitrite (11.5%) with 5%
converted to aqueous ammonium. While promising, we
speculated that the incomplete reduction of nitrate on pristine
g-C3N, was due to rapid electron—hole recombination, as is
well known to occur in g-C;N,.*"** In an effort to improve the
PNR efficiency, we used silver as a cocatalyst to facilitate
electron—hole separation. Comparison of the PNR batch
reactor studies for the various silver-loaded hybrid Ag/g-C;N,
materials shows that the presence of Ag dramatically improves
the reduction of nitrate. Indeed, under the same conditions,
Ag/g-C;N, shows almost complete reduction of nitrate,
regardless of the loading. This result is somewhat surprising,
given that significant PL quenching occurs only at loadings
greater than 12.7% (Figure le). However, we note that the PL
quantum yield of g-C;N, is low (~5%),* suggesting that PL
may be relatively insensitive to the charge separation process
expected to occur at the Ag—g-C;N, interface. Transient
absorption spectroscopies are likely to provide further insight
into excited state branching ratios as these techniques are
sensitive to both emissive and non-emissive states. Regardless
of the Ag loading level, the majority product was nitrite, with
little trend observable as the loading increased from 6.4 to
117.5%. However, it appears that increased loading tends to
favor ammonium production, with the lowest loadings of 6.4
and 12.7% favoring N, relative to NH,". Control studies
performed using the 12.7% Ag/g-C;N, photocatalyst in the
absence of irradiation or in the absence of methanol showed
no change in nitrate concentration over an 8 h reaction time,
confirming that both light irradiation and the presence of
methanol are necessary for PNR.

To further elucidate the reduction process, we measured
reaction kinetics by withdrawing aliquots from the 12.7% Ag/
g-C3N, reaction mixture during UV illumination. Figure 2b
summarizes the results from these studies in terms of fractional
N concentration. Within the first 2 h, the nitrate concentration
drops to below the detection limit concomitant with a rise in
nitrite concentration. These relatively rapid kinetics are
followed by a slow decrease in nitrite concentration, while
ammonia and nitrogen gas concentrations rise. Inspection of
the experimental data suggests that the PNR process can be
approached with a relatively simple model, namely a pseudo-
first-order process in which nitrate is rapidly converted to
nitrite, followed by a slower reduction of nitrite to nitrogen gas
and ammonium with a similar rate, as described by Scheme 1.

Scheme 1. Pseudo-first Order Nitrate Reduction Model
k K [N
NO; —» NO, —2

N>

While the model outlined by Scheme 1 is clearly too simple
to capture all the mechanistic complexity of the multi-proton,
multi-electron reduction process, our experimental data are
well described by a global fit of the model, as can be seen in
Figure 2b (solid lines) with effective rate constants k; = 1.7 +
0.1 X 102> min"! and k, = 8.1 + 0.8 X 10™* min™".
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Photocatalytic Nitrate Reduction under Visible Light.
To further elucidate the PNR process on pristine g-C3N, and
hybrid Ag/g-C;N, materials, we performed analogous photo-
catalytic studies with 425 nm illumination on the pristine g-
C;N, and 12.7% Ag/g-C;N, samples, as summarized in Figure
3. For the pristine g-C;N,, no reduction of nitrate was
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Figure 3. (a) Comparison of PNR under 425 nm illumination for
pristine g-C;N, and 12.7% Ag/g-C;N, on NO;~. (b) Kinetics of
nitrogen species with respect to initial nitrate amount during the
photocatalytic nitrate reduction over 12.7% Ag/g-C;N, under visible
light for 8 h.

observed under 425 nm illumination. In contrast, for the
hybrid Ag/g-C;N, photocatalyst, nitrate is completely reduced
over the course of the reaction. Kinetics shown in Figure 3b
indicate that both nitrate removal and formation of products
occur more slowly than those collected under 360 nm
excitation (Figure 2b). For the 425 nm photocatalytic studies,
a global fit of the data to the first-order model described above
recovers effective rate constants of k; = 7.2 + 0.3 X 107> min™
and k, = 2.9 + 0.3 X 107" min~". These fit-extracted rate
constants at 425 nm represent a slowdown of the reaction by
2.4 + 0.2 for k; and 2.8 & 0.4 for k, relative to photoexcitation
at 360 nm. Importantly, this difference is not because of lower
excitation densities. In fact, while the absorptance of both the
pristine and hybrid materials at 425 nm is lower than that at
360 nm by a factor of ~2.3, the photon flux of the 425 nm
reactor is more than 17 times higher than that of the UV 360
nm reactor. Therefore, if excitation at the two wavelengths
were equivalent, then we would expect that k; would be ~7
times larger (17/2.3) at 425 nm than at 360 nm. Thus, the
observed difference in rates suggests that excitation at 425 nm

creates g-C;N, excited states that are approximately 17-fold
less effective at driving nitrate reduction.

To understand these results, we next turned to evaluating
the activity of the 12.7% Ag/g-C;N, material for photocatalytic
water reduction (PWR) in the absence of aqueous nitrate.
These measurements were motivated by previous work
reporting nitrate reduction via hydrogenation in the presence
of noble metal (Pt or Pd) surfaces (without photoexcitation
but with H, gas present).** ™" After an 8 h reaction period,
hydrogen gas evolved from the 12.7% Ag/g-C;N, reaction
mixture was quantified by GC. For the 360 nm reactor, 20
umol of H, was generated, yielding a calculated hydrogen
evolution rate of 210 ymol/g-cat/h. For 425 nm excitation, 3.7
umol of H, was generated, with a calculated rate of 39 yumol/g-
cat/h. Just as in the PNR studies performed above, we observe
a slowdown of PWR when the excitation wavelength is shifted
from the UV into the visible range. However, in the case of
PWR, there is a 5.4-fold slowdown of the H, evolution rate
compared to the 2.4-fold slowdown in the nitrate removal
kinetics (k;).

This discrepancy in rates is consistent with the nitrate
hydrogenation study of Pintar and co-workers,"® who varied
H, partial pressures on a Pd/Cu bimetal catalyst to determine
that the nitrate loss rate has a reaction order in H, of n = 1/2,
attributable to the key role played by the metal-adsorbed
hydrogen atom, *H, as a reactant in the loss of nitrate. If for
photocatalytic nitrate reduction, generation of hydrogen via
PWR is the rate-limiting step in nitrate reduction (to nitrite),
then the ratio of PNR rate constants at UV and visible
excitation conditions should be equal to the square root of the
H, generation rates for PWR, that is K]V /k[* = (kbwr/ ki)
Within error, the rates we determine are consistent with this
interpretation.

The above results showing spectral variation in reaction rate,
together with the previously reported pll{/zz dependence of

nitrate loss, allow us to propose the following mechanism for
nitrate reduction (to nitrite) in the hybrid Ag/g-C;N, system.
Note that this mechanism is largely consistent with that
compiled in a review by Tugaoen et al,” with the exception
that this system appears to proceed via an initial reduction step
involving an adsorbed hydrogen atom *H produced via
photocatalytic water reduction. Nitrate adsorbed on a nearby
site can react with *H, forming NO7~ (reaction 1), which is
quickly hydrolyzed to form NOj (reaction 2). This radical
species is readily reduced by the hybrid catalyst, given that
even a conservative estimate of the flat band potential of the n-
type hybrid catalyst system, (Eyg + Ecp)/2—0 V vs SHE* > is
well negative of the NO,/NO3 couple (E, = +1.04 V vs SHE)
(reaction 3).

NO; + *H - NOy~ + H* (1)
NO?”™ + H,0 — NO, + 20H~ Q)
NO, + e — NO, 3)

Regardless of the excitation wavelength (360 or 425 nm),
the subsequent reduction of nitrite (k, in Scheme 1) proceeds
with an effective rate constant that is between 20 and 25 times
slower than nitrate reduction (k; in Scheme 1). However, the
ratio of the nitrite reduction rate constants is identical (within
error) to the ratio of k; rate constants, kYV/kJ = 2.4 + 02 =~
kYV/kYs = 2.8 + 0.4. Although this parity might be
coincidental, it is interesting to note that a plausible
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mechanism for the reduction of nitrite can be expressed via a
nearly identical set of steps as nitrate reduction, outlined in
reactions 4—6.

NO, + *H - NO;~ + HY (4)
NO}™ 4+ H,0 - NO + 20H"~ (5)
NO + e = NO (6)

The similarities in the sets of reactions (1—3 vs 4—6) are
striking. For reaction 4, E°(NO; /NO7~) = — 0.47 V vs SHE.”
In principle, the photogenerated electrons in the hybrid
catalyst system should have a sufficiently negative potential to
reduce nitrate, however, reaction 4, in which the initial
reduction of nitrite is instead mediated by adsorbed hydrogen,
would be consistent with previous nitrite hydrogenation
studies that suggest that the adsorbed hydrogen atom is a
reactant in the nitrite loss reaction.””*> The second hydrolysis
step (reaction S) occurs rapidly, and the final electron transfer
(reaction 6) can readily occur in the presence of the Ag/C;N,
system since E°(NO/NO~) = + 0.47 V,>* well positive of the
flat band potential of the hybrid catalyst.

The pathways by which nitrite is reduced to form N, and
NH," have been extensively studied, although characterization
of the intermediates that lead to the formation of the final
stable species has proved challenging.****® While the results
we show here are insufficient to ascribe a mechanism for the
formation of N, and NH,’, it is worth highlighting that in
hydrogenation studies, nitrite reduction generally proceeds
much more quickly than the initial reduction of nitrate to
nitrite.>> Here, the opposite effect is observed, perhaps
highlighting that for these photocatalytic systems, back
reactions that regenerate nitrite (from the many single electron
reduction intermediates en route to N, or NH,") may be
important.

NO; + 6e” + 8H' — NH} + 2H,0 (7)

2NO; + 6e” + 8H' —» N, + 4H,0 (8)

Regardless of the mechanism, some insight can be gained by
comparing the selectivity toward nitrogen gas as a function of
silver loading (Figure 2a). Although the primary product in all
cases is NO,”, it appears that lower Ag loading favors
formation of N, over NH,". This trend likely reflects
differences in the H, formation rates for various loadings.
The TEM images in Figure 1 show that at higher Ag loading,
the size and density of silver metal domains on the g-C;N,
semiconductor increases. The increased Ag loading will lead to
greater H, production rates due to higher efliciency separating
photogenerated electrons and holes (see Figure le). Previous
nitrate hydrogenation studies have shown that selectivity
toward N, is greater at low H, concentrations and selectivity
toward ammonium increases when the H, concentration
increases.””*

In summary, photocatalysts of pristine g-C;N, and hybrid
Ag/g-C;N, of different silver metal loadings were successfully
prepared via a facile photochemical deposition method. While
pristine g-C3N, does photocatalytically reduce NO;™ at
circumneutral pH, the hybrid Ag/g-C;N, shows significantly
enhanced PNR under both UV- and visible light-irradiated
conditions, perhaps due to an enhancement of electron—hole
separation in the hybrid material. Time-resolved spectroscopic
studies, which investigate the dynamics of charge separation in

the Ag-loaded C;N,, will be the subject of a forthcoming work.
By varying the percentage of the metal loading, we are able to
adjust the number density of cocatalyst Ag metal nanoparticles
on the g-C;N, semiconductor, which tunes the selectivity of
reduction products. Although the current hybrid material
efficiently reduces NO;~, a future work will focus on enhancing
both the rate and selectivity of NO,™ reduction through C;N,
defect passivation as well as bimetal cocatalyst loading.

B MATERIALS AND METHODS

Synthesis and Materials Characterization. We have
adopted previously reported protocols for the synthesis of
pristine g-C3N4 and the hybrid silver-loaded Ag/g-C;N,
(S1).>°7*% Prepared pristine and hybrid materials were
characterized with transmission electron microscopy, X-ray
diffraction, and several spectroscopic techniques to confirm the
deposition of silver nanoparticles on the g-C;N, material, as
detailed below and in the Supporting Information.

Photocatalytic Studies. PNR studies were performed in a
100 mL round-bottom quartz flask in a neutral aqueous
solution. Twelve milligrams of photocatalyst, 10 mL of 400 M
NaNO; stock solution, 2 mL of methanol, and a magnetic
stirrer were added to the quartz flask. After the mixture was
sonicated for 3 min, the flask was sealed with a rubber septum
and purged with Ar gas for an hour and placed in a
photoreactor. For UV irradiation studies, the reaction was
carried out in a Rayonet RPR 100 photochemical reactor
(Southern New England Ultraviolet Co.) The photoreactor is
equipped with low-pressure Hg lamps that are coated with
phosphor and spectrally filtered to pass 360 nm with an
average irradiance of 2.3 mW/ cm?. For visible-light studies,
reactions were carried out in a photocatalytic reactor
(HepatoChem, HCK1006-01-023) with a 425 nm (20 nm
FWHM) LED light source with a 33 mW/cm® average
irradiance. Photoreactor spectra can be found in the
Supporting Information.

PWR studies were conducted by placing 12 mg of
photocatalyst, 10 mL of Millipore water (18.2 MQ), 2 mL of
methanol, and a magnetic stirrer in a 100 mL flask. The flask
was sealed and sonicated for 3 min, purged with Ar gas for an
hour, and irradiated with either a 360 or 425 nm light source as
above. For quantifying gas species, a 250 uL gas sample was
withdrawn from the headspace of the reactor at regular
intervals for GC analysis.

Analytical methods. Concentrations of NO;~ and NO,~
were determined using a flow injector analysis LACHAT
instrument (QuikChem 8500), and the NH," concentration
was determined via a Timberline Instruments TL-2800
Ammonia Analyzer (details in the SI). GC was used to
qualitatively confirm formation of N,; however, quantification
of N, was prevented by variable N, leakage into the flask
during photoreaction runs. As a result, reported N, amounts
are calculated by mass (N) balance. The nitrate reduction and
the reduced nitrogen species selectivity were calculated as
follows

[NOS],
[NO;1, ©)

% of[NO; Jreduction =

[NO, /NH],

% of[NO, /NH]selectivity = —
’ ! v [NOs ], (10)
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where subscripts 0 and ¢ represent the concentration of the
species at the initial and t h/min of the reaction interval,
respectively.
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