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Abstract 23 

A highly efficient and photostable acetate production from bicarbonate (HCO3
-) 24 

reduction is demonstrated in a photo-assisted microbial electrosynthesis system (MES) 25 

using a pyrrolic nitrogen enriched Ag3PO4/g-C3N4 photocathode. Urea-treatment of the 26 

Ag3PO4/g-C3N4 photocathode synergistically improved the MES performance by up to 27 

1.8 folds under visible light illumination, achieving acetate production of 9.6 mM/d 28 

with coulombic efficiency of 95%, negligible catalyst leaching, and solar-to-acetate 29 

efficiency of 1.15% over 12 days continuous operation. The photocorrosion of Ag3PO4 30 

was efficiently inhibited by a two-step charge transfer process mediated by an 31 

intermediate band level introduced by oxygen-vacancies in the Ag3PO4 structure, which 32 

also facilitated light absorption and charge transfer through a Z-scheme mechanism, 33 

whereas the increased pyrrole N in the g-C3N4 provided supplementary active sites for 34 

direct and indirect (via H2) electron transfer to Serratia marcescens electrotroph. This 35 

study demonstrates the ingenious use of photocatalytic heterojunctions for achieving 36 

step-changes in the MES performance. 37 
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1 Introduction 45 

Photo-assisted microbial electrosynthesis system (MES) is a promising platform 46 

to realize the energy-intensive reduction reaction of inorganic carbon to value-added 47 

chemicals (e.g., acetate), which contributes to accomplish the goal of a circular energy 48 

economy with sustainable carbon neutrality [1-4]. Recently, it has been demonstrated 49 

that a one-order of magnitude change in the efficiency of chemicals production can be 50 

realized using photo-assisted MES, incorporating photocathodes combining 51 

electrotrophs with different photocatalytic semiconductors such as WO3/MoO3/g-C3N4 52 

[2], Si nanowires/TiO2/Ni [3], CuO/g-C3N4 [5], MnFe2O4/g-C3N4 [6] and CuO/g-53 

C3N4/rGO [7]. Among these prototypes of such photocathodes for efficient acetate 54 

production, Ag3PO4/g-C3N4 has showed wide promising application for achieving high 55 

power for inorganic carbon reduction [8] due to efficient electron–hole pairs generation 56 

and separation based on its suitable redox potential and intrinsic Z-scheme charge 57 

transfer mechanism. In this way, the photogenerated electrons of Ag3PO4 are excited 58 

from the valence band (VB) to its conduction band (CB) and then recombined with the 59 

photoinduced holes from g-C3N4 at the interface of the heterojunction, eventually 60 

accumulating reductive electrons on the CB of g-C3N4 to generate an excess of reducing 61 

equivalents for acetate production [8-10]. However, the Ag3PO4/g-C3N4 suffers 62 

severely from poor photostability and operational fluctuation under illumination due to 63 

photocorrosion of Ag+. The photoreduction of Ag+ to metallic Ag is caused by the 64 

redundant accumulation of electrons on the CB of Ag3PO4 due to the narrower band 65 

gap in comparison to g-C3N4, since the recombination of electron-hole charges in the 66 
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Z-scheme charge transfer mechanism is controlled by the smaller fraction of 67 

photoinduced holes in the VB of g-C3N4 [8,11,12]. Despite the fact that 68 

photoetching of a Ag3PO4/g-C3N4 photocathode can be mitigated 69 

by the photoreduction of the in-situ produced H2O2 [8], this process inevitably also 70 

consumes a fraction of photogenerated electrons, and thus negatively influenced the 71 

performance of the photo-assisted MES. The occurrence of photocorrosion in such case 72 

and in many other irradiated semiconductors, not only limited to the well-known CdS, 73 

CuO2 and AgCl, has advocated the need of developing new ways of stabilizing and 74 

improving the photocatalytic activities of these materials [11].  75 

In conventional photocatalysis processes introducing an isolated intermediate 76 

band (IB) by creating sufficient vacancies [13,14] or doping ions [15,16] within the 77 

band gap of a photocatalyst, has been recently reported to switch the charge transfer 78 

pathway from a one-step optical transition to a two-step transition, with the first from 79 

the VB to the IB and the second from the IB to the CB of the photocatalyst, leading to 80 

either higher hydrogen production or antibiotics degradation [13-16]. Such a strategic 81 

approach simultaneously decelerated the charge transfer and prolonged the lifetime of 82 

charge carriers, ultimately alleviating the redundant accumulation of electrons on the 83 

CB of the semiconductor and reducing the recombination of photoinduced electron-84 

hole pairs [13-16]. Therefore, this two-step transition mediated by IB originating from 85 

sufficient vacancies, might also be utilized in photo-assisted MES for effectively 86 

inhibiting the photocorrosion of the semiconductors, favoring the production of 87 

hydrogen and higher rates of acetate production via the Wood-Ljungdahl pathway [1-88 
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4].  89 

The extraction of oxygen from the metal oxide lattice by using a urea reducing 90 

atmosphere is an effective approach for the creation of oxygen vacancies within the 91 

semiconductor, and above a certain concentration threshold a new energy level with 92 

delocalized properties can create an actual intermediate band [13,16,17]. The visible-93 

light responsive photocatalyst Ag3PO4 inherently possesses higher crystallinity and a 94 

higher concentration of lattice oxygen [11,18] for the introduction of adequate oxygen 95 

vacancies to form IB in comparison to other photocatalyst, such as MnFe2O4. It is thus 96 

expected that urea treatment of Ag3PO4 with sufficient oxygen vacancies can mitigate 97 

its photocorrosion by the IB mediated two-step optical transition, reaching stable and 98 

high-efficient inorganic carbon reduction to acetate production in the photo-assisted 99 

MES. Additionally, hydrothermal treatment of g-C3N4 in the presence of urea, can alter 100 

the N configuration of g-C3N4 improving the pyrrolic N content [6,19]. This occurs 101 

because of the replacement of the carbon atoms on the edges of the graphitic structure 102 

with N element forming pyrrolic N, compared to the graphitic N and pyridinic N [19-103 

21]. Importantly, pyrrolic N possesses the strongest affinity and the lowest adsorption 104 

energy to the central functional porphyrin iron of the outer membrane c-type 105 

cytochromes among these three N configurations, and thus enables faster extracellular 106 

electron transfer process and stronger interactions between electrotrophs and catalysts 107 

[20,21]. Notably, pyrrolic N can also function as the active site to rapidly enhance the 108 

interfacial catalytic reaction and promote the photogenerated electrons transfer for 109 

boosting hydrogen production in conventional photocatalytic processes [22,23]. These 110 
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three aspects associated with the treatment of Ag3PO4/g-C3N4 with urea, might in 111 

concert produce a significant MES performance improvement over previous studies, 112 

such as those describing the inhibition of Ag3PO4/g-C3N4 photoetching by in-situ 113 

production of H2O2 [8] which consumes photoinduced electrons. 114 

Herein, a highly photostable pyrrolic nitrogen enriched Ag3PO4/g-C3N4 115 

photocathode with an IB and superior charge transfer ability prepared by urea treatment 116 

was demonstrated in a photo-assisted MES to achieve significantly higher acetate 117 

production from the reduction of bicarbonate (HCO3
-) using the nonphotosynthetic 118 

Serratia marcescens Q1 electrotroph [2]. Based on the collective results obtained by 119 

UV-vis diffuse reflection spectroscopy (UV-vis DRS), photoluminescence (PL), Mott-120 

Schottky curves, X-ray photoelectron spectrometry (XPS), electron spin resonance 121 

(ESR) and other characterization methods, a charge transfer mechanism with a two-step 122 

optical transition mediated by the oxygen-vacancy induced IB, inhibiting photoetching 123 

and with pyrrolic N acting as an effective electron active site and transfer platform was 124 

proposed, to account for the improved inorganic carbon reduction in the MES with the 125 

urea-treated Ag3PO4/g-C3N4 photocathode. This study demonstrates a new promising 126 

way for synthesizing highly efficient semiconductor heterojunctions with anti-127 

photocorrosion properties and preferable and rational charge transfer, which can 128 

achieve highly-efficient and stable production of acetate from the reduction of inorganic 129 

carbon in photo-assisted MES. 130 

 131 

2 Materials and methods 132 
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2.1 Preparation of photocathodes  133 

The urea-treated Ag3PO4/g-C3N4 was synthesized as Fig. S1. The urea-untreated 134 

g-C3N4 was prepared in a typical procedure [6], where 10 g melamine was heated to 135 

550 ℃ for 4 h with a heating rate of 3 ℃/min and then cooled to room temperature to 136 

fabricate, while the urea-treated g-C3N4 was synthesized by the mixture of urea and 137 

melamine as the same procedures. The urea-untreated g-C3N4 was then dissolved in 60 138 

mL deionized water with 45 min ultrasonication, after which 0.936 g AgNO3 was added 139 

in the solution and continuously ultrasonicated for 20 min. 0.714 g Na2HPO4·12H2O 140 

and different amounts of urea (0, 0.098, 0.197, 0.295, 0.394 g) were then dosed in the 141 

above mixture with 1 h magnetic stirring under 60 °C. Thereafter, the above mixture 142 

was sealed in a Teflon-lined autoclave and heated at 200 ℃ for 12 h to obtain the desired 143 

urea-treatment Ag3PO4/g-C3N4.  144 

The urea-treated Ag3PO4 was fabricated using the same processes without the 145 

addition of g-C3N4. The urea-untreated controls were similarly synthesized with the 146 

same procedures of urea-treated samples but without the urea addition.  147 

The preparation of urea-treated or urea-untreated Ag3PO4/g-C3N4 photocathodes 148 

using graphite felts (2.0 cm × 2.0 cm × 0.25 cm, Sanye Co., Beijing, China) as substrates 149 

were based on an impregnation method [8], as described in Supporting Information (SI). 150 

 151 

2.2 Reactor construction, electrotroph inoculation and operation  152 

Two-chamber reactor with each internal volume of 28 mL (26 mL effective 153 

working volume) was separated by a cation exchange membrane (CMI-7000 154 
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Membranes International, Glen Rock, NJ). The urea-treated Ag3PO4/g-C3N4 was used 155 

as cathode and a saturated calomel electrode (SCE) as the reference electrode, while a 156 

carbon rod served as the anode. All potentials were reported versus standard hydrogen 157 

electrode (SHE) unless stated otherwise. The anode chamber was inoculated from 158 

microbial fuel cells and fed with nutrient solution [24], while a non-photosynthetic 159 

electrotrophic S. marcescens Q1 with the ability to reduce inorganic carbon for acetate 160 

production [2,25], was inoculated to the cathode chamber at an appropriate OD600 of 161 

0.35, as previously reported [2]. The non-photosynthetic S. marcescens (GenBank 162 

MT982676.1) has been reported to produce acetate, formate or alcohols from inorganic 163 

carbon [2,25-29]. The catholyte contained mineral (0.6 mL/L), vitamins (0.6 mL/L), 164 

NH4Cl (2.1 mM), NaHCO3 (23.8 mM), and KH2PO4 (0.09 mM) with a pH of 5.8 [2]. 165 

More acidic pHs can positively impact the (photo)electrochemical production of H2 166 

[30], which is used in-situ by S. marcescens for inorganic carbon reduction to acetate 167 

or to other minor organic substances [2,28,29]. Conversely, in terms of pH-dependent 168 

inorganic carbon species, a neutral pH exhibits the equilibrium HCO3
- (92%), CO2 (6%) 169 

and CO3
2- (2%), compared to the equivalent HCO3

- (50%) and CO2 (50%) at an acidic 170 

pH 5.8 [31]. In previous studies, as a compromise, a pH of 5.8 and NaHCO3 171 

concentration in the range 29.8 – 47.6 mM was advocated for acetate production from 172 

inorganic carbon reduction [32,33]. In this study, a pH of 5.8 and NaHCO3 of 23.8 mM 173 

were chosen throughout the experiments. Before adding to the MES reactor, the 174 

catholyte was bubbled with N2 gas for 15 min to obtain an anaerobic environment [34]. 175 

All the reactors were applied with a cathode potential of –1.1 V vs. SHE and kept at 25 176 

https://fanyi.so.com/#equivalent
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± 3 ℃ [2]. The selection of this cathode potential, instead of less negative potentials 177 

(e.g., –0.6 V), yields sufficiently higher circuital currents that favors the production of 178 

adequate reduction equivalent (H2) utilized in-situ by S. marcescens Q1 with inorganic 179 

carbon for the production of acetate through Wood–Ljungdahl pathway, as previously 180 

illustrated [2], and is similar to many other pure MESs or photo-assisted MESs [3,35-181 

37]. A 100 W iodine tungsten lamp with a light intensity of 23.3 mW/cm2 was employed 182 

as light source [2,24]. The stability of the urea-treated Ag3PO4/g-C3N4 photocathode 183 

was examined over 12 days continuous operation, with periodical supply of NaHCO3 184 

to guarantee adequate inorganic carbon for efficient acetate production. All operations 185 

were conducted in triplicate and all the data were collected after the first operational 186 

cycle [2,8]. 187 

 188 

2.3 Characterizations  189 

The surface structure and composition analyses were studied by X-ray diffraction 190 

(XRD, Shimadzu, Japan) using Cu Kα radiation, XPS (ESCALAB250, Thermo, USA), 191 

transmission electron microscopy (TEM, Tecnai G2 F30 S-Twin, FEI, USA) and 192 

scanning electron microscopy (SEM, Nova NanoSEM 450, FEI company, USA) 193 

equipped with an energy dispersive X-ray spectroscopy (EDS). It is worthwhile to note 194 

that the photocathodes after certain periodical operation were removed from the 195 

reactors and routinely dried in inert Ar2 atmosphere to exclude the likely occurrence of 196 

photocorrosion by any active species. The Brunauer–Emmett–Teller (BET) specific 197 

surface areas were characterized by Quadrasor-SI (Quantachrome, USA). The optical 198 
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properties were characterized by UV–vis DRS (Lambda 750S, Perkin-Elmer, USA), PL 199 

(F-4500, Hitachi, Japan) and transient photocurrent response (BioLogic, VSP, France). 200 

ESR analysis was conducted on a Bruker A200 (Karlsruhe, Germany).  201 

Differential pulse voltammetry (DPV) was recorded with a scan rate of 0.1 mV/s 202 

at an amplitude of 50 mV and a pulse period of 1 s. The scan rate of 0.1 mV/s instead 203 

of a rapid scan rate (e.g., 1.0 mV/s) has been proven to guarantee a sufficiently long 204 

time for the system to reach steady conditions [38,39]. Electrochemical impedance 205 

spectroscopy (EIS) was conducted with an amplitude of 5 mV in a frequency range 206 

from 0.01 ~ 100 kHz, where Nyquist plots of the impedance spectra was obtained from 207 

Zsimpwin software. All the electrochemical measurements were conducted by a typical 208 

three-electrode cell with a working electrode, a reference SCE (+0.241 V versus SHE), 209 

and a Pt counter electrode. The project surface area (2.0 cm × 2.0 cm, 4.0 cm2) of this 210 

Pt counter electrode, appreciably larger than the carbon rod (diameter: 1.0 cm, 0.8 cm2), 211 

reasonably exhibited less polarization than the carbon rod anode, and thus adapted well 212 

for the analysis of the working cathode electrode [39,40]. 213 

 214 

2.4 Analytical methods  215 

A gas chromatograph (GC7900, Tianmei, China) was used to analyze residual 216 

hydrogen in the headspace of cathode chamber and acetate production in the catholyte. 217 

The residual inorganic carbon was measured by the national standard method (DZ/T 218 

0064.49-93), while the leached catalyst was analyzed by atomic absorption 219 

spectroscopy (AAnalyst 700, PerkinElmer). The coulombic efficiency for acetate 220 

https://fanyi.so.com/?src=onebox#%20guarantee
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production (CEacetate), the solar-to-acetate efficiency (ξ) and the overall energy 221 

efficiency (η) were calculated as follows [3,6,41]: 222 

                                            𝐶𝐸acetate =
8 × 𝑛𝑎 × F

∫ 𝐼𝑑𝑡𝑡
0

× 100%                                        223 

                                                  ξ =
∆G × 𝑛𝑎

𝐸p × 𝐴 × 𝑡
× 100%                                        224 

 η =
∆G × 𝑛𝑎

𝐸p × 𝐴 × 𝑡 + 𝐸ap × 𝐼 × 𝑡
× 100% 225 

where na (mol) is the mole of acetate, I (A) is the current, ∆G (369.41 × 103 J/mol) is 226 

the Gibbs free energy of acetate, F (96485 C/mole electron) is the Faraday constant, Ep 227 

(W/cm2) is the light intensity, t (s) is the operation time, A (cm2) is the projected area 228 

of cathode, and Eap (V) is the external applied voltage of the MES. 229 

Statistical variation of the data was analyzed by one-way ANOVA in SPSS 19.0, 230 

and all of the data indicated statistically significant of a p value < 0.05. 231 

 232 

3 Results and discussion 233 

3.1 Characterization of photocatalysts 234 

All the characteristic XRD peaks of Ag3PO4 were assigned to the cubic phase of 235 

Ag3PO4 (JCPDS No.06–0505) [8,9], while the peaks of 12.6° (100) and 27.4° (002) 236 

were well indexed to g-C3N4 (Fig. 1A and Fig. S2A) [42-44]. The XRD profiles of 237 

Ag3PO4/g-C3N4 overlapped all the characteristic peaks of the two single 238 

semiconductors, confirming the successful combination of Ag3PO4 and g-C3N4 in the 239 

heterojunction. The peaks at about 25.5° in all the cathode XRD results were ascribed 240 

to the graphite felt, indicating the successful combination of the graphite felt substrate 241 

with the photocatalysts [8,45]. Similar diffraction peaks without other impurity phases 242 
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of the photocatalysts with and without urea treatment suggested urea treatment did not 243 

affect the basic crystal structure of the semiconductors. Moreover, no characteristic 244 

peak related to metallic Ag was observed in all the Ag3PO4 and Ag3PO4/g-C3N4 245 

photocatalysts (Fig. 1A and Fig. S2A), indicating the absence of photocorrosion for the 246 

fresh photocatalysts. 247 

Here Fig. 1 248 

The Ag3PO4/g-C3N4 XPS spectra (Fig. 1B and C, Fig. S2B−D) contained the 249 

elements of C, N, O, P and Ag, confirming that Ag3PO4 was successfully loaded on the 250 

surface of g-C3N4. Compared to the peak positions of g-C3N4 or Ag3PO4, regardless of 251 

urea treatment, it is noteworthy that the binding energies of C 1s and N 1s had slight 252 

negative shifts, while O 1s, P 2p and Ag 3d shifted towards higher binding energies. 253 

The opposite binding energy shifts of different elements in the heterojunction suggested 254 

the migration of photogenerated electrons from Ag3PO4 to g-C3N4 following a Z-255 

scheme mechanism [46]. Specially, the high resolution XPS spectra of N 1s (Fig. 1B) 256 

were deconvoluted with three peaks at about 399 eV (pyridinic N), 400 eV (pyrrolic N) 257 

and 401 eV (graphitic N) [20,21], where variation of N configurations were observed 258 

with obvious increase of pyrrolic N contents due to urea treatment (Table S1) [19], in 259 

both the single g-C3N4 phase (43.6% vs. 30.2%) and in the Ag3PO4/g-C3N4 260 

heterojunction (42.7% vs. 29.6%). Moreover, the oxygen species at the oxygen vacancy 261 

sites with an appreciably broader peak centered at about 531 eV [13,14] was detected 262 

in the O 1s spectra (Fig. 1C) of the urea-treated Ag3PO4/g-C3N4 (52.1%) and in single 263 

Ag3PO4 phase (51.7%), compared to the untreated controls (Ag3PO4/g-C3N4: 22.2%; 264 
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Ag3PO4: 21.3%; Table S1). Combining with the higher intensities of characteristic 265 

oxygen vacancy signals centered at g = 2.002 in the ESR spectra [13] of both Ag3PO4/g-266 

C3N4 and single-phase Ag3PO4 photocatalysts after urea treatment (Fig. 1D), all the 267 

results suggested that abundant oxygen vacancies were introduced by urea treatment to 268 

provide the possibility of forming an intermediate band in the Ag3PO4. 269 

All the N2 adsorption-desorption isotherms of Ag3PO4/g-C3N4 (Fig. S2F) 270 

presented type IV isotherms with hysteresis loops, which reflected the mesoporous 271 

structures of the heterojunctions. The higher surface area of the urea-treated Ag3PO4/g-272 

C3N4 (65.7 m2/g), compared to the untreated control (48.2 m2/g), could provide more 273 

active reaction sites for the photo-assisted process [6,15,43]. 274 

Similar morphological characteristics in the SEM (Fig. 2A−C and Fig. S3) and 275 

TEM (Fig. S4) images of Ag3PO4/g-C3N4 before and after urea treatment, where the 276 

irregular polyhedral Ag3PO4 [9,10] was closely and evenly anchored on the g-C3N4 277 

nanosheets without obvious agglomerations, suggested that urea treatment did not 278 

distinctly influence the morphology of photocatalysts. The lattice fringe spacing of 279 

0.265 nm in the heterojunction (Fig. S4B and D) was assigned to Ag3PO4 (210) crystal 280 

plane, exactly similar to that exhibited in the pure Ag3PO4 (Fig. S4F) [8-10]. The 281 

homogeneously distributed elemental mapping of Ag, P, O, C and N (Fig. 2D−H) on 282 

the surface of the photocathode demonstrated that Ag3PO4 nanoparticles were 283 

uniformly loaded on the surface of g-C3N4 nanosheets. These along with the 284 

coexistence of all the elements signals in the EDS spectra of the Ag3PO4/g-C3N4 285 

heterojunction (Fig. 2I), collectively verified the successful preparation of target 286 
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photocatalysts again. The dense and uniform attachment of S. marcescens on both 287 

Ag3PO4/g-C3N4 (Fig. 2C) and g-C3N4 (Fig. S3C) bio-photocathodes, compared to the 288 

Ag3PO4 control (Fig. S3F), reflected the excellent biocompatibility of the g-C3N4 for 289 

keeping the electrotroph in high viability, corresponding to the higher EDS signals of 290 

Na, P and K (Fig. S5). 291 

Here Fig. 2 292 

3.2 Band-gaps, charge separation and photoactivity 293 

Combined UV-vis DRS, PL and transient photocurrent response analyses were 294 

performed to evaluate the optical absorption, and charge generation and separation 295 

properties of the photocatalysts. The absorption edge of the urea-treated Ag3PO4/g-296 

C3N4 heterojunction (579 nm) was obviously higher than in the controls: either the 297 

untreated Ag3PO4/g-C3N4 (550 nm) or the urea-treated single phase photocatalysts 298 

(Ag3PO4: 534 nm; g-C3N4: 484 nm). Profiting from the urea treatment, all the 299 

absorption edges of single-phase urea-treated semiconductors appeared considerably 300 

red-shifted, in comparison with the untreated controls (Ag3PO4: 526 nm; g-C3N4: 475 301 

nm) (Fig. 3A). Combining with the appreciably increased carrier density calculated 302 

from the Mott-Schottky curves [47] after urea treatment (Fig. S6), all the results 303 

indicated higher fraction of light absorption and higher photoinduced charge generation 304 

for the urea-treated heterojunction. The band gaps (Eg) and other energy level 305 

information of the single-phase semiconductors were estimated through Tauc plots [48] 306 

(Fig. 3B) and Mott-Schottky curves [47] (Fig. S6), and summarized in Table S2. 307 

Specially, two energy gaps (2.32 eV and 2.24 eV) of the urea-treated Ag3PO4 were 308 
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acquired from its Tauc plot, corresponding to the two intercepts in its Mott-Schottky 309 

curve (Fig. S6B), consistent with the same observation of the CeF3 photocatalyst with 310 

an introduced IB [16]. The broader 2.32 eV between the VB and CB was the intrinsic 311 

band gap of Ag3PO4, while the narrower 2.24 eV was a new energy state between the 312 

CB and IB of about 0.08 eV below the CB of Ag3PO4 originated from urea treatment. 313 

These observations confirmed that a two-step optical transition with the first transition 314 

from VB to IB and the second from IB to CB existed in the photogenerated charges 315 

transfer process of the urea-treated Ag3PO4.  316 

Here Fig. 3 317 

Profiting from the introduced IB by urea treatment, the transient photocurrent of 318 

the urea-treated Ag3PO4 (0.82 μA) was 2.1-fold of the untreated control (0.39 μA) (Fig. 319 

3C). After combination with g-C3N4, the photocurrent of the heterojunction with urea 320 

treatment sharply increased to 10.42 μA, and was 2.5-fold of the untreated Ag3PO4/g-321 

C3N4 (4.14 μA), indicating the lower recombination of photogenerated charges after 322 

urea treatment. A strong emission peak at about 475 nm was observed in the PL spectra 323 

of the pure g-C3N4 nanosheets (Fig. 3D), consistent with the corresponding band gap 324 

of about 2.6 eV [49], while the peak intensity of Ag3PO4/g-C3N4 was appreciably 325 

reduced due to the non-emission of Ag3PO4. The PL intensities of all urea-treated 326 

samples were obviously suppressed, compared to the controls, confirming again the 327 

recombination of photogenerated charge carriers was efficiently mitigated by urea 328 

treatment. Interestingly, a new emission peak appeared at 554 nm in the PL spectra of 329 

Ag3PO4 and Ag3PO4/g-C3N4 after urea treatment, corresponding to a new energy state 330 



16 
 

of 2.24 eV, which was generally attributed to the recombination of photoinduced holes 331 

in VB and the electrons trapped in the IB of Ag3PO4 [16,49]. Conversely, the lack of 332 

peaks in the PL spectra of urea-untreated Ag3PO4-based photocatalysts [12], reflected 333 

the role of urea treatment in improvement of photocatalytic activity. Combining with 334 

the Mott-Schottky, PL and Tauc plots, all results strongly indicated the formation of IB 335 

in Ag3PO4, which have been generally regarded as sufficient evaluation criteria for IB 336 

photocatalyst [13,16]. Therefore, the two-step optical transition was again substantiated 337 

in the urea-treated Ag3PO4. According to the above results, the new energy state within 338 

the band gap of Ag3PO4 induced by urea treatment acted as traps for the photoinduced 339 

carriers and intermediate transition platform, thus preventing the recombination of 340 

electron-hole pairs and decelerating photoinduced charge transfer, ultimately 341 

alleviating redundant electrons accumulation on the CB of Ag3PO4, suppressing the 342 

occurrence of photocorrosion and thus enhancing the photocatalytic performance of the 343 

photo-assisted MES. 344 

Electrochemically active substances (such as flavin and outer membrane c-type 345 

cytochromes) from electrotrophs contributed to the variation of DPV peaks [50], while 346 

EIS analysis provided sufficient information on material and surface properties of the 347 

electrodes, electrotroph metabolism and electron transfer mechanisms [51]. DPV plots 348 

and EIS analysis (Fig. 3E and F; Table S3; equivalent circuit (Fig. S7)) were thus 349 

employed to assess the influence of electrochemical activities for the bio-photocathodes 350 

caused by urea treatment. All the biotic photocathodes exhibited two DPV peaks, one 351 

of which at about −0.52 V was ascribed to the reduction of inorganic carbon for acetate 352 
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production [2,8,52], while the other at about 0.02 V was related to outer membrane c-353 

type cytochromes [8,50]. The stronger reduction peak current (−2.55 mA) of the urea-354 

treated Ag3PO4/g-C3N4 along with the more positive reduction onset potential (−0.28 355 

V) and the lower charge transfer resistance (Rct, 26 Ω), indicated the more powerful 356 

reducing power and the faster charge transfer rate for inorganic carbon reduction, in 357 

comparison with the urea-treated Ag3PO4 (current: −1.61 mA; potential: −0.31 V; Rct: 358 

40 Ω) or g-C3N4 (current: −1.51 mA; potential: −0.32 V; Rct: 67 Ω), or the untreated 359 

Ag3PO4/g-C3N4 (current:−2.04 mA; potential: −0.30 V; Rct: 31 Ω). The noticeably 360 

favorable electrochemical parameters of the urea-treated single-phase semiconductors 361 

and of the combined phases in the heterojunction suggested the influential role of 362 

pyrrolic N and of the IB introduced by urea treatment for augmenting the extracellular 363 

electron transfer and the photocatalytic electrons transfer processes. Moreover, the 364 

obviously higher reduction peak around 0.02 V of the urea-treated g-C3N4 and 365 

Ag3PO4/g-C3N4 demonstrated that a higher fraction of outer membrane c-type 366 

cytochromes participated in the extracellular electron transfer for preferable system 367 

performance [50], in comparison with the untreated controls. These excellent 368 

electrochemical activities for the bio-photocathodes profited from the strongest affinity 369 

and the lowest adsorption energy of the increased pyrrole N content to the central 370 

functional porphyrin iron of the outer membrane c-type cytochromes [20,21], where 371 

pyrrole N content acted as a more effective electron active site for producing a higher 372 

amount of reducing equivalents, such as H2 generation, and a superior platform for 373 

electrons transfer to S. marcescens for photo-assisted inorganic carbon reduction. These 374 
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results were consistent with the enhanced extracellular electron transfer caused by a 375 

pyrrolic N-enriched graphitic carbon scaffold electrode that yielded higher 376 

bioelectricity generation in microbial fuel cells [21] and with the increased activity 377 

using a three-dimensional N-doped macroporous carbon foam electrode with a high 378 

pyrrolic N content [53]. The DPV electrochemical pattern of the abiotic urea-treated 379 

Ag3PO4/g-C3N4 control showing no peaks (Fig. 3E), further reflected the role of S. 380 

marcescens in acetate production from inorganic carbon reduction. 381 

3.3 MES performance and suppression of photocorrosion 382 

As the core component of the photo-assisted MES, the energy levels and 383 

configurations of photocatalysts significantly affected the acetate production in the bio-384 

photocathodes. According to the highest acetate production rate and CEacetate, the 385 

optimal operating parameters were set at a urea concentration of 3.28 g/L (Fig. S8), a 386 

molar ratio of Ag3PO4 to g-C3N4 of 1: 2 (Fig. S9) and a photocatalyst loading amount 387 

of 0.43 mg/cm2 (Fig. S10). Benefiting from synergistic interaction of the new energy 388 

state as IB and the higher pyrrolic N content induced by urea treatment, the urea-treated 389 

Ag3PO4/g-C3N4 photocathode achieved 80% higher acetate production rate of 9.7 ± 0.3 390 

mM/d along with an optimal CEacetate of 98 ± 2%, a solar-to-acetate efficiency of 1.16 391 

± 0.03% and an overall energy efficiency of 0.94 ± 0.02% over 0.5 d operation (Fig. 392 

4A, C, D and Fig. S11A), in comparison with the untreated heterojunction (acetate: 5.4 393 

± 0.1 mM/d; CEacetate: 93 ± 2%; ξ: 0.64 ± 0.01%; η: 0.57 ± 0.01%). The improved system 394 

performance with the urea-treated Ag3PO4 or g-C3N4 photocathodes than the 395 

corresponding untreated controls were attributed to the concerted effect occurring on 396 
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each single semiconductors, namely the mid-gap state formed in the band-gap of 397 

Ag3PO4 and the enhanced pyrrolic N content resulting on the g-C3N4. In addition, the 398 

higher total reducing equivalent H2 observed under the open circuital conditions (OCCs) 399 

(Fig. S11B), contrasted sharply with the lower residual H2 and significantly higher 400 

acetate production (Fig. 4B) observed under closed circuital conditions (CCCs), 401 

indicated the essential mediation of H2 in the inorganic carbon reduction via the Wood-402 

Ljungdahl pathway for acetate production [1-4].  403 

Here Fig. 4 404 

Interestingly, four characteristic peaks (38.1°, 44.5°, 64.4°, 77.6°) ascribed to 405 

metallic Ag (JCPDS No.04−0783) [10,54] and detected in the XRD profile of the 406 

untreated Ag3PO4/g-C3N4 under OCCs (Fig. 4E), reflected the occurrence of 407 

photocorrosion. In contrast, no characteristic peak of metallic Ag was observed in either 408 

the urea-treated Ag3PO4/g-C3N4 photocathodes or the untreated heterojunction under 409 

CCCs. These were further proven by the XPS results (Fig. 4F), where two new peaks 410 

at 367.6 eV and 373.5 eV corresponding to metallic Ag [10,54] only appeared in the 411 

Ag 3d high resolution spectra of the urea-untreated Ag3PO4/g-C3N4 under OCCs. These 412 

results collectively confirmed the photocorrosion of Ag3PO4 was efficiently prevented 413 

in both Ag3PO4/g-C3N4 with or without urea treatment under CCCs and the urea-treated 414 

Ag3PO4/g-C3N4 under OCCs. Differing from the suppression of photocorrosion by the 415 

in-situ consumption of H2O2 over the untreated Ag3PO4/g-C3N4 with the necessary need 416 

of having a closed circuit [8], the urea-treated heterojunction restrained the 417 

photocorrosion even under OCCs due to the synergistic interaction of IB and pyrrolic 418 
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N caused by urea treatment, thus contributing to high-efficient and stable acetate 419 

production in the Ag3PO4/g-C3N4 photocathode MES. 420 

3.4 Photocatalytic mechanism over urea-treated Ag3PO4/g-C3N4 photocathode 421 

The above analysis suggests a photocatalytic mechanism of the urea-treated 422 

Ag3PO4/g-C3N4 photocathode as shown in Fig. 5. Under visible light illumination, both 423 

Ag3PO4 and g-C3N4 semiconductors are excited to generate hole-electron pairs, and 424 

photogenerated electrons can be transferred from the VB to the corresponding CB. The 425 

photoinduced charges transfer process in the Ag3PO4 phase of the heterojunction, 426 

however, can benefit from the mid-gap IB introduced by urea treatment, besides its 427 

intrinsic electron excitation from VB to CB. Therefore, a two-step optical electron 428 

transition can take place, with the first transition from VB to IB and the second from 429 

IB to CB with higher carrier density and decelerated photoinduced charge transfer. The 430 

electrons undergoing the two-step transition onto the CB or IB of Ag3PO4 with a 431 

decelerated transfer, prefer to recombine with the holes in the VB of g-C3N4 at the 432 

interface of the heterojunction via the Z-scheme charge transfer mechanism. As a result, 433 

such recombination process prevents the excessive accumulation of electrons on the 434 

CB of Ag3PO4 which aversely caused Ag+ photocorrosion. Simultaneously, a fraction 435 

of the photogenerated reductive electrons on the CB of g-C3N4 can be directly 436 

transferred to the S. marcescens electrotroph via pyrrolic N of g-C3N4 (direct electron 437 

transfer), while the residual photoinduced electrons can be utilized for H2 evolution at 438 

pyrrolic N active sites, which in turn is metabolized in-situ by the electrotroph acting 439 

as an electron carrier mediator (indirect electron transfer). Ultimately, the electrons (via 440 
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direct and indirect routes) and bicarbonate are metabolized by the S. marcescens 441 

electrotroph for efficient acetate production through the Wood-Ljungdahl pathway [1-442 

4]. Concurrently, the holes left on the VB of Ag3PO4 can be refilled by the electrons 443 

arriving from the external circuit to draw a higher current. The above mechanism, using 444 

a pyrrolic N enriched Ag3PO4/g-C3N4 photocathode with an IB in a photo-assisted MES, 445 

realizes a highly efficient and photostable acetate production and successfully 446 

prevented the spontaneous photocorrosion of the Ag3PO4 semiconductor in the 447 

Ag3PO4/g-C3N4 heterojunction. 448 

Here Fig. 5 449 

3.5 Continuous acetate production process 450 

The rate of acetate production and the CEacetate during each batch cycle in the MES 451 

reactor remained constant up to 0.5 d operation after which a decrease was observed 452 

along with a sharp increased Rdif caused by the insufficient supply of inorganic carbon 453 

(Fig. S12; Table S4), as also shown in other studies [55]. Therefore, the reactor was 454 

supplemented with a new dose of bicarbonate after each 0.5 d, to guarantee adequate 455 

supply of inorganic carbon in the reactor for acetate production over 12 days continuous 456 

operation. The urea-treated Ag3PO4/g-C3N4 photocathodes almost linearly accumulated 457 

acetate up to 115 ± 1 mM (average acetate production rate: 9.6 ± 0.1 mM/d) over the 458 

continuous 12 days operation, along with negligible changes of CEacetate (95 ± 3%), ξ 459 

(1.15 ± 0.04%), and η (0.94 ± 0.03%) (Fig. 6A−C and Fig. S13A). These values were 460 

insignificantly different from the inchoate performance at 0.5 d operation (acetate: 9.7 461 

± 0.3 mM/d, p: 0.782; CEacetate: 98 ± 2%, p: 0.493; ξ: 1.16 ± 0.03%, p: 0.698; η: 0.94 ± 462 
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0.02%, p: 1.00), and indicated a highly stable and efficient performance of the urea-463 

treated Ag3PO4/g-C3N4 photocathode. The impact of the urea treatment method on the 464 

Ag3PO4/g-C3N4 photocathode can also be quantified by a net increase of the 82 ± 2% 465 

of the acetate accumulated in the reactor after 12 d operation (Fig. 6A). These values 466 

appreciably exceeded those obtained by the BiVO4/Mo photoanode with a mix-culture 467 

CHT/Ni foam biocathode (acetate: 0.9 ± 0.2 mM/d; CEacetate: 62 ± 12%; ξ: 0.97 ± 0.19%) 468 

[56], or the Cr2O3/Ru-SrTiO3:La,Rh/ITO/RuO2-BiVO4:Mo photocatalyst sheets with 469 

Sporomusa ovata (acetate: 0.15 ± 0.02 mM/d; ξ: 0.70 ± 0.04%) [57] and also exceeded 470 

the values obtained using a WO3/MoO3/g-C3N4 (acetate: 3.1 ± 0.2 mM/d; ξ: 0.37 ± 471 

0.05%) [2] or a urea-treated MnFe2O4/g-C3N4 (acetate: 8.5 ± 0.6 mM/d; ξ: 1.02 ± 0.06%) 472 

[6] photocathode in the same MES (Table S5). The poor system performance with the 473 

bare graphite felt control (acetate: 1.3 ± 0.2 mM/d; CEacetate: 51 ± 6%) highlighted the 474 

essential and profitable role of photocatalysis in this photo-assisted MES. 475 

The absence of the characteristic peak of metallic Ag in the Ag 3d high resolution 476 

XPS spectra for the urea-treated Ag3PO4/g-C3N4 photocathode after 12 days operation 477 

(Fig. 6F), confirmed that the photocorrosion of the photocatalysts was efficiently 478 

inhibited. Nearly same XRD results as Fig. 4E also indicated the always inhibition of 479 

photocorrosion of the photocathode (data not shown). Combining these results with a 480 

significant reduction of catalysts leaching to the insignificant value of less than 1% (Fig. 481 

6D), slight increase in internal resistance (Fig. 6E; Table S6), as well as unchanged 482 

elementary compositions and morphology (Fig. S13B and C) between the fresh and 483 

used photocathodes, collectively this study demonstrated the excellent robustness and 484 
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chemical stability of this urea-treated Ag3PO4/g-C3N4 photocathode. 485 

Here Fig. 6 486 

In general, introduction of IB into semiconductors with controllable band structure 487 

and tunable charge transfer to inhibit the occurrence of photocorrosion is not limited to 488 

Ag3PO4 and may also be applicable to many other photocatalysts (e.g., CdS, CuO2 and 489 

other Ag+-based semiconductors) in the anti-photocorrosion field [11]. The two-step 490 

optical transition mediated by the introduced IB can function as an intermediate 491 

transition platform to decelerate photoinduced charge transfer and simultaneously 492 

alleviate redundant electrons accumulation on the CB of the single semiconductor [13-493 

16], ultimately suppressing the photocorrosion to improve the photostability and 494 

durability of the photocatalysts. In addition, adjusting N configuration of g-C3N4-based 495 

photocatalysts by ingenious and rational design opens a new insight to other bio-abiotic 496 

hybrid systems for improving the interaction between photocathodes/photosensitizers 497 

and electrotrophs, where the CB of the pyrrolic nitrogen enriched g-C3N4 acted as an 498 

electrons donor and transfer platform for enhancing the photocatalytic performance. 499 

 500 

4 Conclusions 501 

In summary, in this study Ag3PO4 and g-C3N4 were strategically pre-treated with 502 

urea to introduce an intermediary mid-gap band in the Ag3PO4 electronic structure and 503 

an improvement in pyrrolic N content in the g-C3N4 semiconductor, compared to the 504 

untreated controls. Benefitting from the synergistic effect of such IB and pyrrolic N, 505 

the urea-treated Ag3PO4/g-C3N4 heterojunction immobilized on a photocathode 506 
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achieved a significant acetate production rate of 9.6 ± 0.1 mM/d over a continuous 12 507 

days operation, along with a CEacetate of 95 ± 3% and a ξ of 1.15 ± 0.04%. As a result 508 

of this material synthesis strategy, the acetate production rate and the ξ increased by up 509 

to 1.8-fold in comparison to the untreated pristine Ag3PO4/g-C3N4 controls. The 510 

photocorrosion of Ag3PO4/g-C3N4 was effectively suppressed by a two-step charge 511 

transfer pathway mediated by the introduced IB which prevented the excessive 512 

accumulation of electrons in the conduction band of Ag3PO4, while the pyrrole N acted 513 

as an effective electron active site for increasing the evolution of H2 and superior 514 

platform for electrons transfer to the S. marcescens electrotroph. The above mechanism 515 

ultimately achieved a stable and high-efficient acetate production from inorganic 516 

carbon reduction in the urea-treated Ag3PO4/g-C3N4 photocathode MES. This study 517 

provides new insights for the ingenious synthesis of highly effective photocatalysts and 518 

their combination with MESs for the sustainable conversion of inorganic carbon (CO2 519 

or HCO3
-) to a key block chemical (acetate) using visible light in photo-assisted MESs, 520 

thus promoting the development of a circular economy and net-zero processes. 521 
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